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“Metals” is known to play an integral part of human life in its numerous form from the dawn of
civilization whether as an everyday mechanistic tool as well as important biological nutrients.
They are found in everything around us from power system as wind turbines to medical instrument
as diabetes test strips, construction materials to transportation development, and needless to say in
our essential everyday electronic equipment. To imagine life without electricity, road without cars
and medical care without many of today’s medical devices are impossible. The uses of metals and
derivative of metals become the utmost necessity beyond replacement. The development of metal
containing materials specially for energy harvesting is currently on top most priority. They play a
crucial role in electrical energy storage devices in all forms of modern electronics. Many devices
such as capacitors, supercapacitors, fuel cells, batteries, photovoltaics uses dielectric materials
which requires high energy density without sacrificing core electrical features as energy loss,
efficiency, power density. It is simultaneously important, on the contrary challenging to develop
new materials to overcome the drawbacks and fulfill the goal of successful material discovery.
Many approaches have already been taken to improve the overall performance by increasing
dielectric constant and breakdown field or energy band gap through the use of materials such as
polymer nanocomposites, modified ferroelectric polymers, and amorphous organic polar polymers
as dielectric. There is always a tread off side to consider one over another. Therefore, it is essential
to improve their performance by designing new dielectric materials with careful selection. From
here my research focus in. To overcome this comprehensive challenge for discovering fruitful new
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materials a rational co-design approach was developed in collaboration with multidisciplinary
departments. With this approach, high-throughput computational predictions are used to guide
experimental synthesis to overcome the cost and time-consuming effort and narrow down the
selection for desired candidate. Polymers with improved electrical properties such as high
dielectric constant with low loss and high band gap dielectrics can be synthesized and characterized
by the incorporation of metals in the backbone of polymers. This unconventional and untapped
zone of metal containing organic polymers as dielectric found to show many unexplored structureproperty relationship phenomenon and opened up a new door for energy harvesting materials.
Utilizing electropositive metal atoms can lead us to understand the polarization mechanism further
to expand the material space for next generation dielectrics and give us the hope to expand more
spaces from about 91 metals from Periodic Table which ultimately will fulfill the goal of Materials
Genome Initiative.
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Chapter 1
1. Introduction
“Energy harvesting” has its many forms and dimensions from the beginning of mankind until now,
upon which living life is flourishing. We harness energy in multiple ways, starting from
mechanical to thermal, chemical to electrical, electromagnetic to chromodynamic as they are dealt
in the versatile field of classical to quantum mechanics, biology to chemistry as well as earth
science to cosmology. New material discovery becomes an essential precursor to developing this
energy harvesting systems. Any development of the existing technology needs to understand its
basic before leaping through a new channel. To have better efficiency of any developed material,
it is necessary to understand the constitution and mechanism of the process and the material itself.

This thesis will discuss about the new materials which can store energy in electrical form, where
we need to understand the concept of energy storage and all associated terminology. The term
“Electrical Energy Storage” (EES) refers to a process of converting electrical energy from a power
network into a charged form that can be stored to convert back to electrical energy when needed.
In broad sense, energy storage describes the natural or artificial accumulation of a potential of an
energy form along an energy gradient. The distinction between natural or artificial refers to the
difference between making use of a given storage or inertia of a system and actively charging or
discharging a technical storage system. Then the vital question arises. Why do we need to store
electrical energy? In the current situation with the unprecedented deployment of energy
technology, it is natural to expect that storage will play an important role in giant demands of
networks. There is a great need for electrical energy storage not only for our daily mobile electronic
1

devices, such as cell phones, computers, and media players, but also for transportation,
photovoltaics, photonics and also renewable resources such as, solar or, wind power along with
other broad commercialization. Electrical energy storage can play a pivotal role by providing
several services for the network in order to balance and smooth variations in both load and
generation. For example, hybrid electric vehicles, in which batteries and/or capacitors are used to
capture the energy from generative braking. Similarly, subway trains, with many stops and starts,
can capture the braking energy entering the station for use in accelerating out of the station.[1]

Figure 1.1. Energy storage mediums according to their discharge time.

Figure 1.1 shows different energy storage systems according to their discharge time as a function
of power rating and efficiency. Every system has its own advantages and disadvantages. The
energy obtained and released by these systems depend strongly on the power output. For example,
batteries can provide higher energies than capacitors but their discharge time is much slower than
capacitors, whereas later are high-power devices with limited energy storage capability, but with
highest efficiency. However, batteries can give steady output voltage unlike capacitors.
Nonetheless, they are not suitable for fast discharge devices like Electromagnetic Aircraft Launch
2

System (EMALS) or Electromagnetic Rail Gun, and other pulsed power applications, like electric
vehicles, radar, particle accelerator, LASER, etc. Capacitors and supercapacitors are still
unparalleled as fast discharge devices due to their unlimited life time and discharge speed. Fuel
cells as well as synthetic and compressed natural gas can have high energy storage, but their power
output is limited with low efficiency.

For the electrical grid, enhancing their efficiency, reliability and security, is an important asset for
the future electricity network. In the energy sector, storage can reduce energy cost, while
improving the quality of power, enhancing efficiency and avoiding wastage of electricity.[2] So
constant development on this sector is inevitable. New design and resources of materials are of
prime need. Similarly, Office of Naval Research in the United States is funding academic research
to explore new dielectric materials for their high energy storage machineries like mobile power
system like EMALS, electromagnetic railguns which require high energy density capacitors as
power conversion, energy storage, and power compression.[3] The electric energy for the electric
weapon systems process has to be provided by a pulsed power supply (PPS) system due to the
need for near instantaneous power.[2]

This research work is an endeavor for exploring new materials which can be used as energy storage
devices as solid dielectric material. On this regard, this thesis is designed to understand the basics
of dielectrics as in the introductory chapter and then instrumentation adopted to characterize the
materials followed by in detail material synthesis, processing, structural and electrical
characterization have been discussed in the subsequent chapters.
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1.1. Theory of Dielectrics
1.1.1. General Definition and Dielectric Components
Dielectric is another term for an insulator which is a poor conductor of an electric current. In broad
categories they can be divided in two classes as active and passive. The term passive insulator
typically implies for pure insulating materials where there is no flow of charges in their resting
state and under the applied field. Example can be vacuum or, air. On the contrary, active dielectrics
are the materials that can be utilized for numerous electrical purposes as they can store energy as
charge under applied field. Under an applied electric field dielectric material do not flow current
like conductors as they are not supposed to have loosely bound electrons or free electrons like
metal which can drift through the material. They consist of materials which can be polarized upon
application of electric field. In principle, all insulators can be termed as dielectric since they can
be affected and can be polarized even upon a small degree under electric field, although their extent
greatly varies. For example, polyethylene (PE) long been used as cable insulators in order to reduce
signal loss, although their dielectric constant is only 2.2.[4] Use of PE as dielectrics rely on their
electrically insulating properties rather than the ability to store charge, so high electrical resistivity
and low dielectric loss are the most desirable properties here and can be termed as passive
dielectric. For the purpose of storing charge, a good dielectric material should be capable of
undergoing significant polarizability under applied field that can cause changes in the electrical
properties. Some solid dielectrics such as mica[5], glass, rubber, ceramic, kraft papers; liquid
dielectrics as mineral oils from crude petroleum, vegetable oils, silicone oils;[6] gaseous dielectrics
such as nitrogen, sulfur hexafluoride,[7] inert gases can be examples.

4

1.1.2. Polarization and Relaxation
A dielectric material can be polarized from its equilibrium or settled position by an applied electric
field. They can only slightly shift from their average equilibrium positions causing dielectric
polarization and as a result positive charges are displaced toward the applied electric field and
negative charges shift in the opposite direction. If a dielectric material is placed in an electric field,
a field is induced in the material which opposes the applied field. More precisely, polarization
occurs when electron clouds distort around positive nuclei of the species by the applied field. This
slight separation of charges happens if a molecule experiences a dipole moment change. Figure
1.2. shows how a dipole moment (μ) can play a role, where q is the charge and r is the distance
between them.

Figure 1.2. Illustrating dipoles of a molecule

Dipole moment is a vector sum and polarization of a material is the total dipole moment for a unit
volume represented by, P = Σμ / V, where V is the overall volume of the sample. Since, Σμ is a
vector sum, a material can have net zero dipole moment in their resting state or unperturbed
equilibrium state, since dipole moments can cancel out.

Mathematically, dielectric is a frequency-dependent complex quantity that describes the
polarization of an insulator in the presence of an external electric field E with the help of the
following equation,

5

kԑo E = ԑoE +P
Where, P is the polarization, k is the dielectric constant, εo is the permittivity of the vacuum and E
is the applied field.[8] If a dielectric material is placed in an electric field, a field is induced in the
material which opposes the applied field. There are two sources of the field a distortion of the
electron cloud of the atoms or molecules and slight movement of the atoms themselves. The
average dipole moment per unit volume induced in the material is called electrical polarization in
this case –
P = ԑ o χe E
Where, ԑo is the permittivity of free space (8.85 x 10 -12 F/m), χo is the dimensionless dielectric
susceptibility and E is the electric field. Susceptibility is determined experimentally from the
capacitance of an electric circuit with and without the material. The ratio of the two capacitance is
the relative permittivity ԑr (dielectric constant), C / Co = ԑr. The dielectric constant is related to the
dielectric susceptibility by
ԑo =1 + χe
There are four main types of polarization mechanism involved in a dielectric material with their
different respective active regions, including electronic, orientational (or dipolar), ionic and
interfacial shown in the Figure 1.3.[9] For a given material, the net polarization is the summation
of all these polarizations applicable for the specific system. For electronic polarization, the applied
field causes the distortion of the electron cloud in one direction while the nucleus moves in the
other direction developing a net dipole moment shown in the Figure 1.3 (left). It can occur in
every atom which possess at least one electron, no matter if it is inert like noble gases. In its resting
or equilibrium state electron revolves around the nucleus, and its induced state (after applying the
electric field) the electron cloud distorts and moves away from the nucleus in an opposite direction
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of the applied field to reduce it. If we go down of a Group in periodic table this distortion will be
larger due to the larger size of the atomic radius and more diffused electron cloud. This polarization
requires smallest amount of energy to oscillate and occurs in shortest time scale.

When a molecule has permanent dipole moment or are separated by their electronegativity
differences, the net dipole moment of the entire material can still be zero. Ionic polarization can
occur under applied filed due to the distortion of the molecules such as bond length. Such distortion
can be a result of the vibrational stretching, wagging or bending under applied field in the infrared
region. This polarization requires longer time to response compared to electronic polarization,
because bond distortion is slower than electron cloud distortion at high frequencies. Ionic
polarization can no longer be active after infrared regions. Therefore, from radio frequency to
infrared regions ionic polarization can be active.

If the molecules already possess permanent dipole moments, as always, the case for polymer
material, the dipoles will be aligned by the applied electric field to give a net polarization. This is
the orientational or, dipolar polarization.[10] For polymers, dipolar relaxation usually takes place
approximately between a fraction of 1 Hz and 100 MHz, depending on the nature of dipoles, phase
transitions and temperature.[9]

Another kind of polarization is space charge or interfacial polarization, which occurs at very low
frequency regions due to the accumulation of mobile charges at structural surface or interfaces,
hence the naming. This is not a direct property of a material, rather a feature of hetero structure.
The mechanism of this kind of polarization is not very well documented.
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Figure.1.3. Different polarization mechanisms (left) and active regions of polarization as a
function of frequency (right).
In lower frequency regions 1 Hz to 109 Hz, apparently all possible polarization can be active, but
there is always a dominant polarization in that particular regions. When the frequency becomes
higher, scenario can be changed and activity of each of the polarization decreases and eventually
lost after specified higher frequency. Such as•

orientational or, dipolar polarization can no longer follow the oscillations of the electric
field after the microwave region around 109 Hz;

•

ionic polarization and molecular distortion polarization can no longer track the electric
field past the infrared or far-infrared region around 1012 Hz,

•

electronic polarization loses its response after the ultraviolet region around 1015 Hz.

In an alternating electric field, where the direction of the field switches, the direction of the
polarization also switches. It requires some time to adjust with this alternating field, that
8

characteristic time called the relaxation time. For orientational polarization the typical relaxation
time is 10-11s. So, when the electric field switches direction higher than 1011 Hz, the dipole
orientation can not keep pace with the AC field, the polarization direction is then unable to align
with the field. This polarization mechanism then ceases and no longer can contribute to the
polarization of the dielectric. On the other hand, in an AC field, both ionic and electronic
polarization governed by the resonance phenomenon. This leads to peaks in a plot shown in Figure
1.3. The short fall in the plot near that region appears just above each resonance peak because
polarization lags behind the field. At higher frequencies the movement of the charge cannot keep
pace with the field, and then the polarization mechanism ceases. As frequency increases, the total
polarization of the material decreases as each polarization mechanism ceases. At sufficiently high
frequencies (above ~1015 Hz), none of the polarization mechanisms are able to switch rapidly
enough to adjust the field. The material no longer possesses the ability to polarize.

1.1.3. Dielectric Constant and Loss
To understand the dielectric behavior and how it stores charge, it is important to know the basic
components of dielectrics. The most direct and literal way of storing electrical energy is with a
capacitor. In its simplest form, a capacitor consists of two parallel metal plates separated by a
distance, d. In between the plates dielectric can be placed as shown in the Figure 1.5. Capacitors
can be charged substantially faster than conventional batteries since there is no chemical reaction
takes place and it can be cycled tens of thousands of times with a high efficiency without
degradation. The most triggering part of the capacitor is its discharge time, which is the fastest
among all the energy storages devices available, also shown in the Figure 1.1.

9

Polarization of the dielectric results to a buildup of charges on the surfaces that are in contact with
the capacitor plates. This partially counteracts the electric field between the plates, leading to a
decrease in field strength by lowering the voltage. Since the voltage between the capacitor plates
has decreased without any change to the charge on the plates, it leads to increase in capacitance
since it follows a formulaC=Q/V
where, Q is the charge, C is the capacitance in Farads and V is the electric potential.

Figure 1.5. Capacitor diagram and its components.

The dielectric material stores charges utilizing its various polarization mechanisms and then hold
these charges for long durations before they are released to loads at fast rate of millisecond to
microseconds. Capacitors store electrostatic energy, given by ½ CV2 within a dielectric between
the two terminals. The capacitance is affected by various factors, such as the capacitor geometry,
dielectric medium.
10

For a linear or ideal dielectric, the polarization is directly and linearly proportional to the applied
voltage, and shows a constant capacitance value𝑑𝑃 ∝ 𝑑𝐸
or,

𝑑𝑃
=𝑘
𝑑𝐸

where dP is the change in polarization induced by the applied electric field.
Practically, there is always a non-linear relationship between the polarization or stored charge and
the voltage and C1 ≠ C2 on a polarization-electric field (D-E) loop or sometimes called as
displacement (D)-electric potential (E) loop or charge-discharge hysteresis loop shown in Figure
1.6.

Figure 1.6. Different D-E loops showing increasing dipole−dipole or domain−domain interactions
from left to right (the top panel) and their corresponding D−E loops (the bottom panel). Reprinted
with permission from [9] .Copyright (2014) American Chemical Society.

The dielectric constant of a material measures the effectiveness of a capacitor. It can also be
defined mathematically as the, C/Co, where C is the capacitance with a dielectric and Co is the
capacitance without the dielectric medium inside the capacitor. Dielectric constant also relates to
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the permittivity of the material, which is quantitative aspect that describes the effect of a material
on an electric field. That means, higher the permittivity of a material, the more it can counteract
any field applied on it by being polarized. So, in other words, permittivity is the ability of a material
to polarize in response to an applied field. The dielectric constant (k) on other hand is the ratio of
the permittivity of the dielectric (ε) to the permittivity of the vacuum (εο). Therefore, the higher
the dielectric constant, higher the polarization of the material in an applied field.
Now, if the plates have an area A and are separated by a distance d, the electric field generated
across the plates is𝐸=

𝑄
𝜀𝐴

And voltage across the capacitor plates is𝑉 = 𝐸𝑑 =

𝑄𝑑
𝜀𝐴

The current flowing into the capacitor is the rate of change of the charge across the capacitor plates
𝑖=

𝑑𝑄
𝑑𝑡

, therefore the current and capacitance relation turned as𝑖=

𝑑𝑄
𝜀𝐴
𝜀𝐴 𝑑𝑉
𝑑𝑉
= 𝑑 ( 𝑉) =
=𝐶
𝑑𝑡
𝑑
𝑑 𝑑𝑡
𝑑𝑡

Capacitance, C is a function of the geometric characteristics of the capacitor - plate separation (d)
and plate area (A) - and by the permittivity (ε) of the dielectric material between the plates.
Since, dielectric constant, k = ε/εο
𝐶=

𝜀𝐴
𝑘𝐴
=
𝑑
𝜀˳𝑑

Capacitor C can be connected as time varying voltage with an equation
𝑉(𝑡) = 𝐴 cos(𝜔𝑡)
𝑑𝑉

𝜋

So, 𝑖(𝑡) = 𝐶 𝑑𝑡 = −𝐶𝐴𝜔 sin(𝜔𝑡) = 𝐶𝜔𝐴𝑐𝑜𝑠 (𝜔𝑡 + 2 )
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Therefore, the current going through a capacitor and the voltage across the capacitor are 90 degrees
out of phase. It is said that the current leads the voltage by 90 degrees. So the dielectric permittivity
is a tensor which is a frequency dependent complex quantity, which comes into two parts –
𝜀 ∗= 𝜀 ′ − 𝑖𝜀′′
where ε´ and ε´´ are the real and imaginary parts of the complex permittivity and j=p. The
magnitude of ε´ and ε´´ depend on the frequency of the applied electric field.[8] Here, the real part
deals with the energy stored and imaginary part deals with the energy loss. The ratio of the two
parts 𝜀′/𝜀′′ is termed the dissipation factor, tan δ.[11] As the polarization of the dielectric material
changes due to the applied electric field, some of the energy can be dissipated by to conduction
(charge migration) or heat (thermal energy) as dielectric loss, which needs to be minimized as
much as possible to have the maximum efficiency of the material. Computational methods can
help to compute accurately the real part of the complex equation much accurately. Such
computational capabilities can be used to screen dielectrics.[12]

1.1.4. Factors Controlling the Dielectric Constant and Loss
There are several factors which controls the dielectric constant. For example, constitution of the
material and structural arrangement. Materials with permanent dipoles have larger dielectric
constants than similar, non-polar materials. Simply, it can be stated that, the more easily the various
polarization mechanism can be active, the larger the dielectric constant will be. In terms of
polymer, the more mobile the chains are, the higher the dielectric constant will be, though it is an
over simplification. For example, crystals with non-centrosymmetric structures such as barium
titanate (BaTiO3)[13,14] have large spontaneous polarizations and so correspondingly large
dielectric constants. On the other hand, a polar gas behaves differently than polar liquid and solids.
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The density argument also applies for non-polar gases when compared with non-polar solids or
liquids.

Temperature is another crucial factor determining the dielectric behavior of a material. Heat affects
the orientational polarization significantly. All molecules undergo thermal motion even in their
resting state. Upon application of applied field, the molecules rotate and align with the field, though
all the molecules are not perfectly aligned. As the temperature increases, molecules acquire more
thermal energy and amplitude of thermal motion enhances, and they acquire more space to have
maximum alignment with the field. In other words, orientation polarization gets its maximum
amplitude and hence dielectric constant increases. On the contrary, at very high temperature above
the threshold, opposite phenomenon is observed because the thermal motion becomes high enough
to disrupt the overall orientation and the range of deviation from a maximum alignment with the
field is greater at very high temperature, in result molecules are less closely aligned with each
other, hence the orientational polarization becomes smaller and dielectric constant become less.
There are three types of chain and segmental motion that the polymer could undergo as temperature
is increased; α, β and γ relaxations.[15,16] They can be analyzed by scanning dielectric loss at
constant frequency as a function of temperature. Detailed examination of the relaxations requires
isothermal scans of dielectric constant and loss as a function of frequency so that effective dipole
moments and activation energies of relaxation times can be obtained. The α relaxation occurs at
the highest temperature and corresponds to Micro-Brownian motion of the whole chain, which is
the glass transition temperature, Tg, of the polymer.[17,18] At intermediate temperature β
relaxation is observed and is attributed to the rotation of polar groups about the C-C bond. The last
type of motion, γ relaxation, is observed at the lowest temperature and is due to the oscillation
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motion of phenyl rings and limited C-H segmental chain motion.[12] At very low temperature the
segmental motion becomes stagnant to effect on the polarization. In both extreme cases, we should
see negative consequences on dielectric constant.

In the frequency region above ultraviolet, permittivity approaches the constant εo in every
substance, where εo is the permittivity of the free space. Because permittivity indicates the strength
of the relation between an electric field and polarization, if a polarization process loses its response,
permittivity decreases. Since, electronic polarization occurs at very high frequency, which is
related to the refracted index (n) of the materials as follows𝑛 = √𝐾 elec
Dipolar relaxation is a major contributor to dielectric loss in polar dielectrics and tends to occur
below MHz.[11] When the dipoles in the material experience friction as the result of collisions
with other molecules, which results in increase in the temperature within the material, and hence
dielectric loss occurs; which can be affected by further by increasing temperature, humidity, and
applied voltage as well. In an alternating field, dipoles in polar dielectric material tries to reorient
in response to the field. During this process, in that solid dielectrics, those dipoles experience some
friction with the polymer matrix or by surrounding molecules, which hinders their reorientation
process in response to change in electric field. This friction ultimately causes some heat, hence we
lose some energy. Because of this hindrance it lags some time to response to the field, hence it is
related time dependent factor and characterized by time constant or distribution of time constant,
which makes the whole process complicated to compute.
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Another kind of loss observed in dielectric known as conduction loss. Under applied electric field,
a small amount of charge flows from the metal plates into the dielectric over time. A voltage may
develop as a result of charge coming out of the dielectrics into the metal plates, if the capacitor is
shorted for a short time and open the circuit. This can happen due to the polarization of
inhomogeneous dielectric, impurity states, defects or traps within the band gap region. This can be
minimized by reducing the impurity states, inhomogeneity in the structure, defects etc. Conduction
loss can be higher with temperature. At elevated temperatures, conduction can be important or
even limit the useful temperature range of a dielectric. As a result of the inverse dependence on
frequency and dielectric constant with conductivity, at sufficiently low frequency dielectric loss
dominates and provides a method for determining conductivity.[11]

1.1.5. Dielectric Breakdown and Band Gap Energy
The volumetric capacitance relates directly to the dielectric constant, while the energy density of
a capacitor is determined by the dielectric constant. The dielectric constant has a linear relationship
with energy density (Ue), an increase in the dielectric constant increases the charge that can be
stored between the capacitor plates shown in the following equation, where E is the voltage of the
applied electric field. To determine the maximum theoretical energy density of a material, E is
taken as the maximum field before breakdown occurs.[19]
1

Ue = 2 𝑘𝜀˳𝐸 2
Dielectric materials that have a higher breakdown strength are able to be operable at higher
operation voltages. All dielectric has its threshold capacity of withstanding electric field, after
which it will break down due to electron avalanche, thermal runaway etc.
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Figure 1.7. Valence band and conduction band of a material showing the band gap energy.

The mechanism of breakdown can be well understood by band gap theory illustrated in the Figure
1.7. The band gap can be defined as energy difference between the conduction band and the
valence band and as the band gap increases more energy is required to transfer an electron from
the valence band to the conduction band leading to high breakdown of the dielectric material. A
band gap of ~ 5 eV is generally considered a high intrinsic breakdown component. The energy
band gap (Eg) is calculated from Planck’s relation –
ℎ𝑐
𝐸𝑔 =
𝜆𝑜𝑛𝑠𝑒𝑡
where, h is the Planck’s constant (4.136 x 10-15 eV.s), c is the speed of light in vacuum (2.998 x
1017 nm/s) and λo is from the wavelength of onset of interband optical excitation/absorption. There
are several factors which can regulate breakdown strength such as chemical composition,
crystallinity and morphology of the materials. For each material, there is a characteristic field
strength or, dielectric strength needed to cause breakdown. For a useful dielectric, this value lies
within the range 106- 109 V/m.

17

Engineering breakdown depends mainly on extrinsic factors like chemical impurities, which
makes impurity states in the band gap and very difficult to predict, identify and eliminate.
Extrinsic factors such as surface roughness, quality of manufacturing, and quality of raw materials
etc. also plays role. Intrinsic breakdown depends solely on the chemistry of the material such as
atomic composition, bonding, structural arrangement etc. That is why, intrinsic breakdown
strength can be measured by the band gap energy, which provides an upper bound of the
engineering breakdown. Since intrinsic breakdown is the inherent property of the material of its
pure state, it can be predicted by modern computational method.

To understand the breakdown mechanism still requires extensive research. Currently, in our joint
venture of Multidisciplinary University Research Initiative (MURI) set forth for new project to
study the breakdown mechanism of the material by incorporating various probe and defect state.

1.2. Application of Dielectrics
1.2.1. Capacitors: A major use of dielectrics is in fabricating capacitors. The basic mechanism
of capacitor has been discussed in the previous section already. In capacitor, dielectric can serve
many purposes like storage of energy in the electric field between the plates, filtering out noise
from signals as part of a resonant circuit, and supplying a flash of power to another component.
From the very time of electronic civilization till now, there are numerous types of capacitors have
been developed and named in terms of their dielectric material being used such as ceramic
capacitor, electrolytic capacitor, film capacitor etc. Few of them are shown in Figure 1.8 according
to their voltage range against capacitance. Numerous researches are ongoing for developing high
energy density capacitors, low energy loss capacitor, high temperature capacitor and so on.
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Figure 1.8. Types of capacitors and their voltage range against capacitance.

1.2.2. Field Effect Transistors (FET): Field effect transistors are used in power control and
switching to general amplification in the integrated circuit. It has three main components as source,
drain and gate are shown in the Figure 1.9. FET uses a dielectric layer between the gate and the
channel. A thicker dielectric layer is needed to prevent leakage current, IL. Transistor drive current,
Itd, can be increased by increasing the amount of charge in the transistor channel which is
controlled by the gate capacitance, Cg since it is related by the equation Itd ∝ μCg, where μ is the
effective mobility of the carries in the channel. Various oxides are used as gate dielectrics, e.g.
SiO2 is mostly common. Using oxides have their own advantages as high k dielectrics and
disadvantages as high leakage current. For SiO2, it can reach to its operating limits as devices
become thinner since a decrease in thickness is needed to offset short channel effects but in turn
increases the gate leakage current. There is a relationship between thickness and capacitance of
gate dielectric, Cg ∝ k/t. So, to increase gate capacitance it is to increase the thickness of the
dielectric, t or as safest side to increase the dielectric constant k.
19

Figure 1.9. Schematic cross-sectional diagram of a transistor showing the use of gate-dielectric;
green dots are the charge carrier in the transistor channel.

A large band gap is also desirable here, which can provide good stability against electrical
breakdown, as well as high band offset, which defines the barrier and prevents electron injection
from the channel into the dielectric and tunneling to the gate electrode.[20]

1.2.3. Photovoltaics: Photovoltaics are the best known clean technology for concerting solar
power to electrical energy by the mechanism known as photovoltaic effect. The absorption of light
by a material causes the creation of voltage or electric current. Semiconducting polymers are used
in organic photovoltaic devices because of their low cost, easy availability.[21] Moreover, organic
photovoltaics (OPV) offer a low-cost and esthetically appealing thin-film alternative to the wellknown silicon-based solar panels, opening up new applications and markets. Currently, the device
performance is limited by the low dielectric constants (∼3 to 4) photoactive organic materials.[22]
The basic mechanism of photovoltaic lies on the voltage and HOMO-LUMO gap of material since
since voltage (V) is proportional to the difference between the HOMO level of the electron donor
20

and the LUMO level of the electron acceptor. So, band gap is the major factor for determining the
suitable material, a search is going for balancing between efficient light harvesting, a high voltage
and a sufficiently high LUMO offset. Additionally, the dielectric constant (k) is also a crucial
parameter for high efficiency solar cells by reducing and relaxing the recombination process. High
dielectric constant material is needed to make a thicker active layer so that it can harvest more
incoming light. Although pure inorganics have high dielectric constant, but the disadvantages of
using is they form weakly bound electron-hole pair upon absorption of light which tries to extend
to multiple molecules, and reducing the overall efficiency. In some cases, hydrophilic dielectric
material is also desirable for photovoltaic application, because it reduces the environmental impact
on production process. [22] Thickness and smoothness of the dielectric material is important here
to get reliable results.

1.2.5. Flexible electronics: High performance flexible dielectric material with high dielectric
constant, low dielectric loss, excellent mechanical flexibility and optical transparency are currently
of considerable interest for their extensive applications like flexible capacitors[23], dielectric
elastomers for electronic skin, flexible wearable electronics and devices. The mechanical and
electronic properties of polymers is crucial for the field of flexible electronics. The search for
lightweight and flexible electronic devices has also created a tremendous demand for hightemperature dielectric polymers, as the heat generated by electronic devices and circuitry increases
exponentially with miniaturization and functionality.
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1.3. Dielectric Materials in Use
1.3.1. Ceramics and Composites
Inorganic ceramics have been used as dielectric materials since the earliest time for their high
dielectric constants ~1000. One such material is a multilayer ceramic capacitor (MLCC) being one
of the most produced and widely used capacitors in electronic equipment for the last few
decades.[24] Various low temperature cofired ceramics (LTCC) have been developed with
dielectric constants (ԑ) of 4-9 for using in three dimensional wiring circuit boards.[25] Through
material research, novel LTCCs with low loss dielectric material have been developed but exhibit
lower dielectric constants. Apart from the typical high dielectric constants of ceramic materials,
they suffer from high loss, low breakdown strength, and non-graceful failure modes.[25,26]

Apart from inorganic and organic polymers, numerous works have been carried out to develop
dielectric materials with composite materials to enhance the dielectric constant.[27–32]
Researchers have been using metals as nano-fillers to increase the dielectric constant of the
material known as nanocomposites. Ceramic component barium titanate (BaTiO3) was used due
to their extensively giant dielectric constant (~k = 1000). Size of the fillers plays a significant role
controlling the dielectric constant. Larger size fillers are beneficial by giving high polarization,
and at the same time agglomeration of the particles cause a main issue which leads to high energy
loss. Reducing the sizes of the fillers drastically lowers the dielectric constant. Besides BaTiO3,
numerous other nano-fillers have been investigated for dielectric applications including TiO2 (80),
ZrO2 (25), HfO2 (25) as well as numerous other cheap metal oxides and ceramics. Such as, zinc
oxide (ZnO) containing polyvinylidene fluoride (PVDF)[8] nanocomposites are found to have
increased permittivity (ԑ ≈ 7.5 to 15.5) with increasing amounts of ZnO content (1-6%) and
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decreased loss (tan δ ≈ 0.75 to 0.002), with decreases in frequency (0.12 kHz to 100 kHz) due to
orientational polarization. These composites also increase their permittivity with increases in
temperature (300 to 500 K) due to ion diffusion. Other ZnO/polymer composite systems exhibit
similar results to the PVDF composites such as ZnO/Polyaryletherketone (PAEK)[33],
ZnO/polyurethane[34] and nanosized ZnO[35]. Recently, BaTiO3 nanoparticles have been
dispersed on ferroelectric polymers to increase the overall dielectric constant with improved
energy densities over the ferroelectric polymer alone; however, the nanoparticles become
aggregated and limit the field penetration in the inorganic phase.[36,37]

1.3.3. Traditional Organic Dielectrics
Some of the most common dielectric polymers (Figure 1.4) and their properties are described in
the following sections.

Figure 1.4. Structures of some common polymers for thin film capacitors

1.3.3.1. Polypropylene
Until the early 1960s, kraft paper had been used as capacitor dielectric with pyranol impregnated
dielectric fluid that provided low operating voltages (∼300 V) with a loss factor an order of
23

magnitude higher than modern-day capacitors. Due to the limited applicability on thermal
performance and material efficiency of kraft paper, it was replaced by BOPP films. BOPP
significantly reduced the volume and cost of capacitor production. However, it was reported that
polypropylene was not resistant to chlorinated solvents and transformer oils. BOPP film has higher
dielectric strength than the unoriented films by at least a factor of two due to the improvement of
crystallinity within the films. BOPP has an extremely low dissipation factor of 0.0002 in an AC
field, but this can be affected by impurities and contaminants leading to thermal runaway.
Acceptable levels of impurities in the parts per million level and lower are acceptable depending
upon the type of contaminants and capacitor application. The dielectric properties of BOPP are
stable up to the operating temperature of 85 °C and over a broad range of frequencies. This
dielectric stability and low loss make this polymer a unique and widely used commercial dielectric
material.

Isotactic polypropylene and atactic polypropylene have different morphological features and hence
different dielectric constants. Isotactic polypropylene is highly crystalline and shows slightly
higher dielectric constant (∼2.28) compared with the relatively amorphous atactic polypropylene
(∼2.16). Higher loss occurs in atactic PP due to the higher polar impurities compared with isotactic
PP that has rigid chain segments in the crystalline form hindering rotation. The polar impurity in
nonpolar polymers is the unsaturation in the C=C double bond (∼1–2%) from synthesis that is
considered responsible for dielectric loss. This has been confirmed by infrared and other chemical
analysis. Other impurities such as residual catalyst, methyl side groups, polar end groups, dipoles
arising from oxidation, the presence of antioxidant (additives), and processing residue can also
affect the dielectric properties of PP.
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Table 1.1. Properties of polypropylene. Dielectric constant (ε′) and dielectric loss (ε″) data are
shown for 1 kHz from the Ref. [38]
Polymer

Density at 25 oC (g/cc)

ε′ at 25 oC

ε″(tanδ)

Isotactic PP

0.912

2.28 ± 0.04

0.0002

Atactic PP

0.865

2.16 ± 0.07

0.0010

Dynamic mechanical studies suggest that two dielectric relaxation peaks are observed: a α peak at
100°C due to amorphous phase and another peak β at room temperature due to the crystalline phase
of the polymer. This β-phase is due to the fact that no polymer is 100% crystalline or amorphous.
Isotactic PP can be highly crystalline due to its steric regularity, although it contains an amorphous
phase since a few chain segments do not crystallize and can coexist with few atactic chains.
Therefore, PP generally exhibits the characteristics of both phases. In the crystalline region, the
polymer chain forms crystalline lamellae by ordering themselves to have regularity and stability.
The amorphous segments have loose loops, tie chains, cilia, and randomly arranged as segregation
and sometimes leading to branching. The interface domain between the crystalline and amorphous
phases plays important roles in the overall morphological features of the polymers and, as a result,
the electrical properties. The dynamic mechanical loss shows consistent behavior of this study,
and suggests the semicrystalline nature of the isotactic rich amorphous phase. Acetone treatment
can reduce the amorphous phase and extract the antioxidants from PP, decreasing the dielectric
loss. The presence of antioxidants can cause high dielectric loss at higher temperature as well.
Other impurities can cause conduction loss.[39]

During the process of biaxially orienting the polymer film, the spherulite structures in the PP are
deformed, elongated, and lose their crystalline identity in order to stack into microfibrils. This
process of biaxially orienting can cause two different types of morphologies within the BOPP as
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either tenter or tubular types. The tenter structure exhibits a highly oriented crystalline phase
connected with an extended and moderately oriented amorphous phase. The second type, tubular,
has a network-like structure made up of crystalline zones and an amorphous zone that are not
strongly oriented but are still in a slightly entangled state. Since the film is simultaneously oriented
with a rather small orientation ratio, it exhibits residual flexural stiffness, constraints, and
simultaneously distortion among amorphous chain. These structures are not strictly confined,
rather they can be optimized by controlling the crystallization conditions, the draw ratios, and
annealing temperature.[40]

Polypropylene can be simultaneously cross-linked and degraded with UV irradiation that depends
on the degree of crystallinity, for example, stereoregular PP cross-links to a lesser extent than PE.
This premature aging has several disadvantages on insulation property of the material. Oxidative
degradation, such as presence of reactive oxygen, atmospheric air, and gamma radiation, is the
prominent cause of aging. They can incorporate new functional groups and structures, such as
polar alcohol and carboxylic acids, within the polymer matrix, which eventually affect the
dielectric behavior.[41] For high dielectric strength PP, high crystallinity, a small imbalance in
orientation, and uniform film thicknesses are required. As previously stated, the fibrillated surface
is required to promote complete impregnation by a dielectric fluid, and can be attained by the
development of specific crystal morphology at one surface without any additives and control of
impurities in the parts per million or parts per billion level.[38]
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1.3.3.2. Polycarbonate (PC)
Polycarbonate (PC), was first developed in 1953 by Bayer in Germany, and General Electric in
the US. PC is known as a high-performance engineering thermoplastics and environmentally
friendly polymer due to its ability to be recycled. PC is most often synthesized from Bisphenol A
and phosgene by a step-growth polymerization in which Cl- ions are condensed. Bisphenol A
contains two aromatic rings, which are responsible for its rigid structure. Due to its increased
amorphous nature, the polymer is transparent. PC can be melt extruded to give pipes, and thin
films. PC can also be injection molded to form specific parts computer and automotive
applications.

PC film was first used in capacitor in the 1960s and since then it was successful for decades. PC
has a dielectric constant of ~ 3 with an operational temperature from -55 oC to 125 oC making it
an attractive polymer for higher temperature applications than BOPP.[42] In 2000 most suppliers
had stopped producing polycarbonate film. One company, Electronic Concepts, still manufactures
PC film in-house for their capacitors as of 2017. PC has a high impact strength below its Tg, which
is due to the β relaxation molecular motions of the main chain at low temperature. The broad β
relaxation peaks in PC are associated with more than one single relaxation process, one is for (the
peak at lower temperature) relaxation of carbonate groups and the other (the peak at higher
temperature) if for restricted motions of the phenyl groups. Limitations like large shrinkage, small
Young’s modulus and easy formation of defects reduced its capacitor use and PC has been replaced
gradually with other polymeric dielectric films such as polyimide or polyphenylene sulfide.[43]

27

1.3.3.3. Polyethylene terephthalate (PET)
Polyethylene terephthalate (PET) is another widely used dielectric polyester for capacitor
applications. PET is commercially synthesized by an ester exchange polymerization reaction
between dimethyl terephthalate and ethylene glycol at temperature range from 195-280 oC under
atmospheric pressure with an excess of ethylene glycol. The process generally takes 2-5 hours
depending on the catalyst. Another synthetic route involves the direct reaction between ethylene
glycol and terephthalic acid. While it is cost effective, the rate of the reaction is slow compared
with the ester exchange reaction and it requires the removal of by products and purification. The
polymer produced by the later route exhibits poor ultraviolet light stability, poor hydrolytic
stability and are generally not suitable for film processing if the impurities exceed ten mole percent
of the polymer. PET has good mechanical strength, chemical resistivity, and outstanding thermal
stability (m.p. 260 oC). This combination of properties lead it to be a good electrical insulating
materials.[38]

PET has dielectric constant ~ 3.3 over a broad range of frequencies. PET has significantly higher
dielectric loss which increases with temperature and frequency compared to PP. Even though the
energy density is 50% higher compared to PP, this variance in dielectric properties makes PET not
a suitable option for high pulsed power applications. The biaxially stretched films with 68% degree
of crystallinity shows a phase transition at 160 oC due to the conformational changes with melt
transition. Polyethylene oxide (PEO), polycaprolactone (PCL) and silica (SiO2) have been used
with the PET films as a coating to increase the electrical strength up to 10-15% and dielectric
constant for 5 μm film thickness. However, the dielectric loss increases particularly at low
frequencies (< 10 Hz). For minimizing the loss acrylate/barium titanate nanocomposites have been
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prepared and coated on PET. It also improves the dielectric strength and dielectric constant. This
technique recently used in industrial production.[43]

1.3.4. Development in Organic Dielectrics
There are some new class of dielectrics which can be described as those not cheaply or currently
mass produced due to their higher cost of materials or additional processing considerations. In
general, the additional cost of the material is offset by the additional benefits of the material
including: higher operating temperatures, chemical resistivity, mechanical strength, adhesion and
many other properties. In recent years there has been an emergence of interest to design new
polymers with high energy density for pulse power applications. This work has predominantly
been funded by a desire to shy away from weapons systems utilizing combustion, in the form of
gunpowder and missiles, to eventually use electrically powered railguns and lasers.[44] These
military research initiatives bring added benefit to the civilian markets since the same polymer
film capacitors can be used as DC-Link capacitors for renewable energy generation and hybrid
electric vehicles.[45] To meet these growing needs several strategies have emerged to increase the
dielectric constant of polymers while keep their losses low. Due to the vast number of potential
polymers that could be synthesized and would need to be tested to select the best one, a rational
co-design process was developed to synergistically carry out computational predictions, laboratory
synthesis, and experimental property determination, to rapidly target promising polymer systems.
Dielectric materials containing dipoles has grown recent interest due to their polarizability upon
application of electric field. Materials containing dipole moment larger than 1.5 Debye are able to
achieve advanced dielectric performance such as high dielectric constant and low loss for high
energy density capacitor applications.[46] This section will outline some of the most promising
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polymers being developed including polyimide, polyureas, polythioureas, polyurethanes, PVDFbased polymer systems, and organometallic polymers. Apart from the following polymers, there
are a large class of inorganics, composites materials and blended systems being explored
depending upon the application for achieving better performance.

1.3.4.1. Polyureas (PU)
Aromatic polyurea (ArPU)- and polythiourea (ArPTU)-based polymers are of interest due to their
dipole moments of 4.5 Debye and 4.89 Debye, respectively, have higher dielectric constants than
most of the traditional linear polymer dielectrics.[47] Polyureas contain urea groups in their chain
and can be synthesized by the reaction of diisocyanate and diamine, carbon dioxide, phosgene,
urea derivatives and water. Different techniques are available for synthesizing polyureas such as
direct polymerization, solution polymerization, emulsion polymerization, and chemical vapor
deposition polymerization. Linear polyureas are thermoplastic polycondensation products with
aliphatic or aromatic structures. Aromatic polyureas have higher thermal stability compared to
aliphatic polyureas. Polyureas were first commercialized at I.G. Farben, employing the reaction
between diisocyanate and diamines.[38]

PU films are used for high-energy density capacitors, especially under high temperatures.[48]
Aromatic polyureas are processable for thin film capacitor applications. High purity dielectric
films are synthesized by fabrication through vapor deposition polymerization.[48] In this process
a combination of an aromatic diamine [H2N-Ar1-NH2] and an aromatic diisocyanate [OCN-Ar2NCO] monomers are vaporized under vacuum and coated on the surface of a substrate where they
are adsorbed and react to give a copolymer of the general composition [-HN-Ar1-NH-CO-NH-Ar2-
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NH-CO-].[48] Thin film of thickness 500 nm is possible by this technique. Vapor deposition of
4,4’-diaminodiphenylmethane (MDA) and 4,4'-diphenylmethane diisocyanate (MDI) on
polyimide film substrate shows dielectric constant at 10 Hz 10 and 3.5 for MDA and MDI rich
films, respectively. The dielectric constant increases with increasing temperature with loss less
than 1%.[49] The films of p(MDA-MDI) can reach a breakdown field ca. 800 MV/m. Higher
energy density ca. 12 J/cc at 800 MV/m with an efficiency of 95%, similar to BOPP. This energy
density is stable over a broad temperature range from room temperature to 200 °C. Both energy
density and efficiency drop above 600 MV/m and temperature above 150 °C. This is mainly due
to the high conduction current under the high field and high temperature.[49]

1.3.4.2. Polythioureas (PTU)
A linear polythiourea is synthesized by the polycondensation of thiourea with formaldehyde to
achieve the simple structure -NH-CS-NH-CH2-; or the reaction of a diamine with carbon disulfide,
thiophosgene, or diisothiocyanate. Aromatic polythiourea (ArPTU) is an amorphous, polar, glassphase dielectric polymer. It is to be noted that thiourea has a chemical structure H2N-CS-NH2, in
which the amino group is electron-donating and CS is electron-withdrawing giving an overall
dipole moment of ~ 4.89 D. It behaves as organic ferroelectric due to its spontaneous polarization
and ferroelectric behavior. The first work on polythiourea as a ferroelectric polymer was published
in 1978 when Ohishi et al. synthesized aliphatic polythiourea by condensation reaction of diamine
with carbon disulfide with varying chain length of aliphatic spacers. This work proves that these
polymers possess hydrogen bonding due to their highly polar nature. The amount of hydrogen
bonding can be controlled by molecular design of chemical structure, which eventually affect the
dielectric relaxation of polythioureas.[19]
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An aromatic polythiourea (ArPTU) of 4,4'-diphenylmethanediamine (MDA) with thiourea in NMP
by microwave assisted polycondensation has reported to have an ultrahigh energy density (~ 22
J/cc), low dielectric loss at high fields and high breakdown strengths (~1 GV/m) and molecular
weight of ~ 8,000 to 12,000 g/mol. The high breakdown field of polar amorphous polymer is due
to the presence of random dipoles in an amorphous structure which provide substantially stronger
scattering to charge carriers. The limitations of this polymer is its inability to form free standing
films primarily due to its low molecular weight.[19]

1.3.4.4. Polyimide(PI)
Polyimides (PI) are typically synthesized through step polymerization of a dianhydride and a
diamine. Polyimides can be used as adhesives, films, moldings, fibers, membranes, foams and
coatings; further details on these can be found in several other books and entries. For electronic
applications, polyimide films are of interest due to their aromatic nature leading to higher thermal
stability which offers them to have high operation temperature compared to common polymers.
Polyimides are attractive not only due to their high thermal stability but also for their radiation and
chemical resistance, good mechanical strength, low moisture adsorption and good adhesion to
metal substrates.

Polyimides are of interest to replace silicone dioxide as insulating materials e.g. in semiconductors,
printed microelectronics etc. Many of the polyimides previously synthesized are for either high
dielectric constant high temperature applications or low dielectric constant material use. For low
dielectric constants, can be achieved by the modification of polymer backbone by lowering the
polarizability. Also, bulky groups like aromatic phenyl group and use of fluorine instead of
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hydrogen can be effective in this goal by including more free volume inside the matrix and
reducing the total polarizability by heightening the hydrophobicity.[19]

Dielectric constant of polyimides can be tuned and increased through increasing the amount of
dipoles and dipole strength within the polymer. Rigid aromatic polyimides are reported by Chisca
and co-workers[50] and these polymers exhibit dielectric constants in the range of 2.78–3.48 and
corresponding dielectric loss that is less than 2% overall at 1 kHz.[51,52] Polyimides with bulkier
CH3 (=X) groups show slightly lower dielectric constants compared with the similar structured
polyimides of having H (=X) instead, shown in the Figure 1.5.[50,53]

Figure 1.5. Polyimide synthesized by Chisca and co-workers.
One such way to improve the dielectric constant is explored by incorporating very polar nitrile
groups into the diamine backbone. Wang et al. synthesized a series of three novel ether linked
aromatic nitrile diamines and polymerized them with four different aromatic dianhydrides, namely
pyromellitic dianhydride (PMDA), 3,3′,4,4′-benzophenone tetracarboxylic dianhydride (BTDA),
4,4′-oxydiphthalic anhydride (OPDA), and 4,4′-hexafluoroisopropylidene diphthalic anhydride
(6FDA). These novel nitriles containing polyimides exhibited Tg values above 200 oC with
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degradation temperatures around 500 oC. It was found that the rotating aromatic nitrile dipole
helped maintain the dielectric properties at various temperatures. The dielectric properties of these
polymers were stable at both low (-150 oC) and high (190 oC) temperatures for use in power
conditioning aerospace applications.[38]

Recently, R. Ma and co-workers synthesized several polyimides with the help of Density
Functional Theory (DFT) computations as a newly evolved rational codesign concept and
characterized them for dielectric applications. Four different rigid aromatic dianhydrides, namely,
PMDA, BTDA, OPDA, and 6FDA, along with two flexible diamines with aliphatic chains of
different lengths, propane-1,3- diamine (DAP), hexane-1,6-diamine (HDA), JEFFAMINES D230,
and JEFFAMINES HK511 were chosen as monomers shown in Table. [54] These polyimides
exhibit high dielectric constant due to their dipolar polarizability of the imide functional group.
BTDA-HK511 films have the highest dielectric constant of 7.8 associated for the orientational
polarization by the polyether segments along with lowest dielectric loss ∼0.5% with operation
temperatures limit up to 75 °C. For BTDA-HK511 dielectric constant decreases with increasing
frequency due to slower orientation of the dipoles with alternating electric fields, while the
dielectric loss increases due to chain relaxations. The problems with this polymer is the scarcity of
the monomer that being used. Monomer HK511 was supplied from Huntsman Co. and it is no
longer produced. So, it turned out to be difficult to reproduce the polymer. Although it is showing
high energy density15.77 J/cm3 and breakdown field 676 MV/m, it is limited for practical
application due to reason mentioned above. The highest breakdown field is found in BTDA-HDA
of 812 MV/m with lower dielectric constant 3.57 compared with previous one. High quality film
can be processed from BTDA-HDA polyimide.
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Figure 1.5. Monomers using for polyimide synthesized by R. Ma and co-worker.

Table 1.2. Experimental dielectric constant, loss and band gap values for PI synthesized.
PI
k (r.t.)
tanδ(rt)
Eg(eV)

B1
4.01
0.255
3.79

B2
3.57
0.849
3.42

A3
4.17
0.518
3.48

A4
5.44
0.660
3.39

B3
4.52
0.256
3.50

B4
7.80
0.555
3.48

C3
4.37
0.166
3.62

C4
6.04
0.714
3.58

D3
2.50
1.47
3.98

D4
5.26
0.791
3.93

1.3.4.5. Polyvinylidene fluoride (PVDF)
Polyvinylidene fluoride (PVDF), (-CH2-CF2-)n is a thermoplastic fluoropolymer synthesized by
the polymerization of vinylidene difluoride via a free radical (or controlled radical) polymerization
process. Later, the synthesized polymers are processed by melt casting, solution casting, spin
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coating, or film casting. The high purity PVDFs are stable in atmospheric conditions and
unaffected by most common solvents, acids and bases. PVDF based materials are the most studied
dielectric materials for their larger dielectric constant due to their ferroelectric nature.
Ferroelectrics and antiferroelectrics have a close relationship in terms of their polarization process.
In the ferroelectric materials the adjacent dipoles in one domain have the same direction of
polarization by the application of external electric field. On the contrary, in antiferromagnetic
materials, the adjacent dipoles can be arranged in opposite direction and under very high field they
can be rearranged and transformed into their ferroelectric state.[55]

There are four different crystalline phases present in PVDF. The α phase is the non-polar
crystalline phase which results from rapid cooling while the rest are ferroelectric. The β phase has
the largest polarization due to the large dipole moment. The γ phase is formed by drying with a
polar solvent below 100 oC or by high temperature annealing. The δ phase is induced by the
application of an external electric field (100-200 MV/m) during the rapid cooling. These phases
are important since they are closely related to the dielectric constant and energy density. For
example the γ phase has the largest energy density 14 J/cc compared to other three phases which
are in the range of 1.5 J/cc.[56] The room temperature dielectric results of three samples, A, B and
C which were crystallized from solution at 60, 90 and 120 oC with different proportions of the α
and β phases. The increase in dielectric loss with frequency, observed in the high frequency
regions, is due to the β relaxation process associated with the glass transition of PVDF. There are
two theories associated with this relaxation, one process refers as the micro-Brownian movement
of the amorphous phase chain segments above the Tg when the molecules have large mobility. The
other process refers the movement of crystalline-amorphous interphase chain segments. This
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dipolar relaxation process accounts for the high dielectric constant of PVDF. [49] PVDF in its
three crystal forms have similar energy density and dielectric loss, such as α phase of PVDF has
the energy density of 300 MV/m, however, it has higher loss than γ, which can withstand up to
200-350 MV/m. The quenched γ PVDF can withstand up to 350 MV/m with highest energy density
14 J/cc.[57]

PVDF and its randomized copolymer p(VDF-TrFE) with trifluoroethylene (TrFE) (CHF=CF2)
have been also widely known as ferroelectric materials for energy storage applications. Their
prime limitation is their high remnant polarization which affects the energy density, which can be
minimized by defect modifications. 50-80 mol% of VDF ratios in copolymer of p(VDF-TrFE)
shows ferroelectric transitions, in which, TrFE moiety is considered as a defect. When increasing
the number of defects, the β phase becomes less stable making them a tailorable ferroelectric
material. With the incorporation of defects ferroelectric PVDF can be converted into relaxor
ferroelectric polymers with small remnant polarization, which can give high electric displacement
below its breakdown field, making it a high energy density dielectric material. Copolymer of
PVDF 70% and TrFE 30% makes them a ferroelectric relaxor upon irradiation under He gas at a
dose rate of 2.5 MGy/h with beam energy 2.5 MeV, after which it exhibits a lower strain level
compared to copolymers irradiated above 100 oC.[58]

Poly(vinylidene fluoride–trifluoroethylene–chlorotrifluoroethylene), P(VDF-TrFE-CTFE) and
poly(vinylidene fluoride–trifluoroethylene–chlorofluoroethylene), P(VDF-TrFE-CFE) are a
terpolymers containing CTFE (CClF=F2) and CFE (CF2=CF2) comonomers, respectively, also
have relaxor ferroelectric behavior such as diffuse phase transition, slim polarization hysteresis
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loop, high dielectric constant at room temperature. They also show larger electrostrictive strain
response than the irradiated copolymers. CFE and CTFE monomers act as molecular defects to
mitigate the large ferroelectric domains of P(VDF-TrFE) into small domains which helps to make
a slim hysteresis loop with high dielectric constant (>50) measured at 1 kHz near room
temperature, the highest among all known polymer dielectrics near room temperature. Energy
density of this P(VDF-TrFE-CFE) terpolymer is 10 J/cc.[57]

Two random copolymers of PVDF with chlorotrifluoroethylene (CTFE) and hexafluoropropylene
(HFP) (CF3-CF=CF2) have been developed as P(VDF-CTFE) and P(VDF-HFP) to tune the
dielectric constant to solve the problem of early electric displacement saturation. PVDF 91% and
CTFE 9% containing copolymer shows energy density 17 J/cc with breakdown field (>700
MV/m). With improved film quality reachable energy density can be 25 J/cc. On the other hand,
P(VDF-HFP) defect incorporated copolymer with 10% HFP exhibits breakdown field (700 MV/m)
and energy density (>25 J/cc).[55]
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Chapter 2
2.1 Challenges, Strategies and Screening for New
Dielectric Design

The use of inorganic ceramics as dielectric materials is a common practice due to their high
dielectric constants for the last few decades. However, they suffer from high dielectric loss, low
breakdown strength, and catastrophic failure instead of graceful failure. On the other hand, the
widely used and low cost organic dielectric polymer, biaxially oriented polypropylene (BOPP),
has a remarkably low loss (tanδ) of 0.0002 with a dielectric constant of ca. 2.25. However, BOPP
is less than ideal for high temperature applications due to an increase in electronic conduction at
temperatures above 85 °C, requiring the capacitors to be extensively cooled in hotter environments.
Low dielectric constant of BOPP limits its use in many applications mentioned in section 1.2.
Polyvinylidene fluoride (PVDF) and derivatives of PVDF which have been discussed in previous
sections, irrespective of their high dielectric constants and band gaps, fluorine-containing polymers
exhibit ferroelectric type polarizations which are not desirable for high energy density applications.
Organic polyimides, polythioureas, polyurethanes, and polyureas have also been studied recently
for dielectric applications, but suffer from difficulty in processing, thermal limitations, and
increased loss compared to BOPP. Nanocomposites like PVDF with BaTiO3 has limitations like
conduction losses within the films. It has been found that incorporation of alumina nanofillers can
create traps that reduce mobile carrier concentration leading to conduction loss. Additional
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nanoparticles and their corresponding challenges with incorporating into the polymer matrix have
been explored further by Chen et al.

Component properties like dielectric constant, dielectric loss, band gap energy, dielectric
breakdown, defect content (and their effects), electronic structure, glass transition and melting
temperatures, polymer morphology and rheology, intrinsic thermal conductivity, etc have their
own challenges. These components areas are dependent on each other and improvement in one
component has a significant effect on others. Properties such as thermal management need to
improve in parallel with increased dielectric constant and certainly cannot compensate on
dielectric loss. At the same time high band gap dielectric is desirable without compensating
dielectric constant.

Mathematically, energy density of a dielectric material can be expressed as an integral quantity
which is applicable for linear as well as non-linear dielectrics𝐸𝑚𝑎𝑥

𝑈=∫

𝐸 𝑑𝑃

0

where E is the electric field, P is the electric displacement and Emax is the electric displacement at
the maximum electric field. For a linear dielectric, the above equation becomes1

𝑈 = 2 𝑃𝐸 =

1
2

𝑘𝜀˳ 𝐸 2

So, it is understandable that in order to improve the energy density, we need to increase the
dielectric constant as well as the intrinsic breakdown strength or increasing the band gap.
To achieve a high efficiency for energy storage, a low dielectric loss, including relaxation loss as
well as conduction loss is required. For a new material development, it is also important to
consider an easy method of material synthesis and processing, which can be eligible for
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large scale production and lower the cost. The above basic requirements for a good dielectric
material can be summed up in the Figure 2.1

While a general solution that meets the needs of all high energy density applications may not exist,
any improvement over the present technology for specific applications must be consistent with the
majority of the materials-specific needs, i.e., new materials must be evaluated in the context of
likely applications.

2.1.1. Rational Co-design Process
In order to by-pass the time consuming “trial and error” method for discovering new materials of
desired properties, we developed a method namely “rational co-design process” to expediate the
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material discovery. While the synthesis and testing of an enormous number of materials is
impractical, both time and money can be saved by screening for potentially useful candidates in
silico. This systematic rational co-design approach has first steps towards computation for high
through put screening. Tools like Density Functional Theory (DFT)[59–61], Machine Learning
(ML)[62–64] and Molecular Dynamics (MD)[65,66] simulation are using now-a-days for accurate
prediction of material model.[67],[65,68] The initial screening with advanced computations like
DFT, down selection with domain experts, targeted synthesis, characterization and further
validation with simulation referred here as “Co-Design” process shown in Figure 2.2. This
complete design strategy with combined theorist with synthetic and electrical experimentalist
dramatically accelerate the whole process of material development and discovery.

Figure 2.2. A Rational Co-Design Process Loop
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The strategy to apply for co-design successfully, rapid high throughput computation is addressed
based on some calculable properties termed as initial screening. Domain experts of the materials
explored the chemical sub space by examining the possibilities like atomic/molecular/ polymeric
structure. Specific properties are relevant, feasible and desired for the application are computed.
Potentially useful material then can be shortlisted. Synthetic researchers further reduce the shortlist
based on practicability, availability of the material and synthesis cost. After initial synthesis of few
selected materials after careful considerations and they are being tested to check the feasibility,
reliability by various characterization methods. At this stage, experimentalist and theorist can
come to an agreement with the simulated and tested results. The successful synthetic material then
subjected to further in-depth computations for additional details. Following that, the computed
results are examined and matched with the experimental results to get the validation and further
guidance for future development. This process continues iteratively so that we can further proceed
for alternative material subspace or improvement.

This design philosophy is in the spirit of the Materials Genome Initiative, which was announced
by the United States government “to discover, manufacture and deploy advanced materials twice
as fast, at a fraction of the cost”.[69] As a result of this initiative, the last few years have seen
several glittering examples of successful materials discovery that would be unlikely via standalone
experiments, none more so than the design of novel polymeric dielectric materials.[11,69–71]
From our research group, we have already achieved several successes based on this process for
organic and organometallic materials, which have been discussed in the subsequent sections.
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2.1.2. Computational Strategies
Materials research has benefited significantly from the use of modern computational and datadriven methods. In this section, we describe a rational design approach centered around highthroughput computations and targeted experimentation aimed at discovering new and advanced
polymer dielectrics for energy storage application.

At the most fundamental level, Density Functional Theory (DFT) based on quantum mechanics
was chosen as the computational workhouse to study to study two crucial properties of known and
novel polymers, the dielectric constant at the scale of a crystalline unit cell, including structural
and thermodynamic details, reasonable estimates of the band gap, electronic dielectric constant,
ionic dielectric constant, and intrinsic breakdown field. These properties provide a useful initial
screening criterion for dielectrics. As a first step, appropriate DFT formalisms had to be
determined for property computation. Density functional perturbation theory (DFPT) is a powerful
technique where the dielectric constant of a material is estimated by studying the system responses
to applied electric fields. Density functional theory (DFT)[72] as implemented in the Vienna ab
initio simulation package (VASP)[73]. The Minima Hopping algorithm[74,75] was used to explore
low energy regions of configurational space, unknown structural motifs could be readily obtained
by starting from any initial structure, as this method employs zero constraints on atomic positions
or cell shapes. Dielectric tensors corresponding to the electronic and ionic contributions to the
dielectric constant were obtained from the DFPT computation.
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Figure 2.3. Different computational strategies and routes[10]

A “data-driven” approach is used for multivariate analysis on actual measured data or
computational data to establish physical relationship to the properties being predicted. Such
systems are “trained” on available data so that it can be used to predict properties of interest for
new polymers which are not available actually such as quantitative structure property relationships
(QSPR).[76]

The electronic and ionic dielectric constant values were the traces of these tensors, while the total
dielectric constant values were obtained as the sum of the two components. The dielectric constant
depends on the structural motif, and the final values reported for each system was an average of
the overall low energy structures. Larger scale chain orientation and morphology difference of
polymers can be analyzed using molecular dynamics (MD) based on empirical interatomic
potentials or force fields.
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The band gap can be computed accurately using the hybrid Heyd-Scuseria-Ernzerhof HSE06
electronic exchange-correlation functional, which corrects for the band gap underestimation
associated with standard DFT. Band gaps and crystal structures were also predicted in greater
detail and with more accuracy using computations. The respective ground-state stable 3D
structural arrangements of the polymers were determined, in which the bandgap was estimated
using the Heyd–Scuseria–Ernzerhof (HSE) electronic exchange-correlation functional for purely
crystalline representation, which offers more reliable results at sufficiently higher computational
cost.

2.1.3. Initial Success with Organics
An organic polymer chemical space (shown in Figure 2.4) consisting of seven basic building
blocks—CH2, NH, CO, C6H4, C4H2S, CS and O—was selected for initial high-throughput
computations. Any n-block polymer here was generated by linearly connecting n blocks with each
of them drawn from the 7 possibilities, and DFT calculations were carried out for approximately
300 4-block polymers. The ground state crystal structures were determined for all the polymers
using a structure prediction algorithm known as Minima Hopping.

Figure 2.4. The chemical subspace of polymers generated by linear combinations of 7 basic
chemical units. Reproduced with permission from ref [69]. Copyright 2016, Advanced Materials.

46

DFT was applied on the lowest energy structure of every polymer to compute the dielectric
constants and band gaps, which are plotted against each other in Figure 2.5. From DFPT, the
dielectric constant is computed as two separate components: the electronic part, which depends on
atomic polarizabilities, and the ionic part, which comes from the IR-active vibrational modes
present in the system. The total dielectric constant is expressed as a sum of the electronic and the
ionic parts. While the electronic dielectric constant appears to be constrained by some sort of an
inverse relationship with the band gap, the ionic dielectric constant shows little or no correlation
with the band gap. This effect translates to an inverse relationship between total dielectric constant
and band gap as well, given the larger range of values of the electronic part compared to the ionic
part.

Although a wide spectrum of dielectric constant values (~2 to ~12) and band gap values (~1 eV to
~ 9 eV) were covered by this chemical subspace of polymers, only roughly 10% of the total points
populating the high dielectric constant, large band gap region, defined by dielectric constant > 4
and band gap > 3 eV. Three polymers belonging to three distinct polymer classes—polyurea,
polyimide and polythiourea—were selected from this region and synthesized in the laboratory.[77]
Appropriate monomers and reaction schemes were adopted here to yield satisfactory quantities of
each polymer, following which Ultraviolet-Visible Spectroscopy (UV-Vis) was performed to
estimate the band gaps and Time Domain Dielectric Spectroscopy (TDDS) to measure the
dielectric constants. The experimental results matched quite well with the computational results,
providing not only a validation for the high-throughput DFT scheme, but also three novel
promising polymer dielectric candidates for energy storage capacitor applications.
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Figure 2.5. The dielectric constants (divided into electronic and ionic parts) and band gaps of 284
polymers computed using DFT.[19]

However, it was seen that these initial polymers had solubility issues and could not be processed
into thin films, which is an important capacitor dielectric requirement. To overcome these issues,
newer, longer chain polymers belonging to the same and related polymer classes were synthesized
and tested. [10,54] Free-standing films were made from most of these polymers, and their dielectric
constants, band gaps, dielectric breakdown strengths, loss characteristics and recoverable energy
densities were experimentally measured. Among the best performing polymers thus realized were
a polythiourea named PDTC-HDA, a polyimide named BTDA-HDA and another polyimide
named BTDA-HK511, where PDTC stands for Para-phenylene Diisothiocyanate, HDA stands for
Hexane Diamine, BTDA stands for benzophenone tetracarboxylic dianhydride and HK511 is a
jeffamine-containing ether. Not only could free-standing films be formed, but each polymer
displayed an energy density 2 to 3 times higher than BOPP owing to higher dielectric constants
and comparably high breakdown strengths.
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Thus, new organic polymers were successfully designed that can potentially replace BOPP in
capacitor applications. The rationale for pursuing these polymers came from computational
guidance; however, the choice of the specific polymer repeat units was determined by the polymer
chemists using their experience and knowledge of chemical feasibility, solvent considerations and
film formability. The experimental data thus obtained further bolsters our knowledge of polymer
dielectrics and provides vital leads on newer chemical blocks to introduce in polymers for future
computational studies.

2.1.4. Moving towards Next Generation Metal Containing Systems
Initially group 14 species are chosen due to their versatility in trends from non-metallic character
(e.g. C) to the metallic (e.g. Pb) in nature. Their oxidation state can be divalent as well as tetravalent
which makes them capable of undergoing different way of bond formation. We see a trend to adopt
π bond to σ bond when we go down from group 14. The atomic radii increase down the group, and
ionization energies decrease. Metallic properties increase down the group and hence bond length,
polarizability and coordination chemistry changes, which greatly affect the overall electrical
properties of the material. Therefore, exploring compounds with C, Si, Ge, Sn and Pb is rational
in terms of new material discovery for dielectric uses. The general formula chosen for initial
screening was XY2, where X is any group 14 element and Y is either H or halogen (Cl, F) to mimic
the structural motif of CH2 as of polyethylene backbone. Vigorous calculation was conducted with
the help of DFT as first principles computations on all XY2 compounds to obtain stable structural
conformations of lowest energy, the band gap energy, and the dielectric constants. The initial
studies suggest to hope for increasing stability down the group. The results are shown in the Figure
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2.4. in terms of coordination number, band gap energy, electronic and ionic portion of their
dielectric constant to show their trend.

Figure 2.4. Plots of (a) coordination number (CN), (b) HSE Band Gaps, (c) electronic dielectric
constant, (d) ionic dielectric constant of 15 compounds. Reprinted (adapted) by permission from
Springer [71]. © (2015)

CN number increases when we go from non-metallic to metallic groups. The oxidation states and
electronegativities of X, the strength of the X–Y bonds, and role of lone pair electrons have a
prominent effect on their geometry and CN number. One most intrigue and interesting fact that
revealed from this study is that their electronic and ionic dielectric constant contribution, which is
further explained in Figure 2.5. Electronic dielectric constant is inversely proportional to the band
gap, whereas, total dielectric constant not. Here, electronic part is dependent on the polarizability
of the bonds whereas, ionic part is dependent on the strength and flexibility of the dipoles. When
electric field is applied, the induced dipole moment developed, which depends on the ease of
distortion of the electron cloud.
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Figure 2.5. Dielectric constant as a function of band gap energy for few metal systems showing
the contribution of electronic and total dielectric constant contribution. Reprinted/adapted by
permission from Springer Nature [71] © (2014)
This distortion is easier for the systems which are lower in stability; therefore, electronic part of
the dielectric constant increases as the distortion of electron cloud within the atom is an electronic
phenomenon under higher frequency region. Stability increases when we go down the Group 14.
Hence, higher polarizabilities in electronic level lead to lower band gaps. On the other hand ionic
part of the dielectric constant increases from C to Sn and decreases again for Pb. Ionic part of the
dielectric constant generates from alignment of dipole moment under applied electric field. This
dipole moments commonly depends on the bond length and electronegativity difference and higher
these values, higher would be the dipole moment. For example, stretching and wagging vibrations
of Ge-Y and Sn-Y bonds are more flexible than heavier Pb compound, which leads to higher dipole
moment and hence higher ionic contribution on their dielectric properties than the later one. These
initial screening gives us a thought to pursue for Group 14 species which is discussed in the later
sections in detail.
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2.2.

My Dissertation at A Glance

My dissertation starts from this point where the motivation lied from the success of
organometallic tin-polyester. From the following chapters new polymeric dielectric material
discovery has been discussed in details with the help of computational guidance and motivations.
The initial goal is to discover metal based new polymeric materials for dielectric material space
expansion. In the Chapter 3, various instrumentation techniques have been discussed which are
used in this thesis to characterize the materials. Chapter 4 and 5 describes the main body of the
research work based on metal containing polymers as dielectric. Each chapter has multiple sections
and sub-sections. Each section has in detail experimentation based on computational predictions
along with the conclusion drawn from each study. Chapter 4 contains three sections based on the
organometallic polymers starting with the progress of aliphatic Sn polyester with two different
approaches as copolymers and blend. Second section dealt with the improvement of Sn-polyester
as hybrid. Third section shows a new route to Sn -polyester dielectric through complexation with
polyamic acid with improved performance. Chapter 5 shows new materials for dielectric through
transition metal Zn and Cd containing polymers. This chapter also has three sections, where first
section is the initialization of material space expansion with Zn and Cd metal containing aliphatic
polymer systems as dielectrics, while second section is about heteroatom and branched aliphatic
spacers containing aliphatic polar polymers containing the same Zn and Cd metals and third
section is about the different aromatic group containing Zn and Cd polyesters to better understand
the role of structure-property interrelation and the effect of polar and aromatic groups on the
dielectric properties. Finally, Chapter 6 concludes my work with future prospect and the direction
to Material Genome Initiative.
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Chapter 3
3.

Processing, Instrumentation and Methods

This chapter describes the experimental techniques used to characterized the material structurally
and electrically. The general structuration methods used for polymers include some widely used
spectral and thermal analysis along with some special techniques for in depth understanding and
to explore some special features. We have collaboration with Dr. Yang Cao, Professor of Electrical
and Computer Engineering Department. Most electrical characterization such as dielectric
spectroscopy measurements have been carried out in his lab “Electrical Insulation Research
Center” (EIRC). It is important to check the reproducibility of the data that has been tested by
doing same experiment multiple times. If it fails to pass the reproducibility test, it is no longer
applicable for presentation and at the same time it also fails for any practical application.
Acceptable range of precision is maintained throughout the experimentation. To maintain the
simplicity of this write up, some general mathematical formulations and procedural details are
avoided for more commonly used techniques in experimentations. On the other hand, the basic
principles of DFT calculations are already described in the previous chapters, which are dealt with
our another collaborator group of Prof. Rampi Ramprasad. Only well-matched results with the
measured values are described in the subsequent sections. For some systems the calculations are
still on the process for accurate prediction and are not included in this thesis. Materials and
chemicals used for each study have been described in the respective sections. This chapter mainly
deals with the basic features and methods of the instrumentation along with their working
principle. Procedural details of each method are different for each study, which is described in the
specific sections later on.
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3.1. Sample Preparation and Processing
For any characterization technique it is necessary to prepare and process the sample with respect
to the experiment that need to be performed. Now a-days, most of the instrumentation requires
minimal amount of sample to be tested upon. For most of the structural characterization, samples
are taken either as synthesized as powdered form and for some polymers it needs to have the
processed form such as film. The powdered samples which are stubborn for the solvents, pressed
pellets were made for electrical tests. The polymers which are soluble in common solvents films
are made either by drop casting or Doctor Blade Coating. Appropriate film thickness is important
for dielectric test since the capacitance is inversely related to the sample thickness. Thickness was
measured using a Measure-It-All (Model LE1000-2) point to point gauge for film with an accuracy
of ± 0.2μm and Mitutoyo Absolute (Model 547-520) with an accuracy of ± 0.01 mm shown in
Figure 3.1. For a film whether it is on metal shim stock or free-standing, 5-6 points were chosen
within around 1 cm2 area and then averaged together.

Figure 3.1. Sample thickness measuring devices.
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Pelletizing: The powdered samples which have the poor solubility in most common solvents are
prepared as pressed pellets for electrical test. Pressed pellets were made using a compressor Carver
Laboratory Press via hydraulic pressure. The powdered samples need to be completely dried
before making the pellets. Any trapped moisture can be severely detrimental for the electrical test.
The dried sample were taken in a pellet mill made up of stainless steel with a hole radius of 1 inch
shown in the Figure 3.2 and then pressing a 1-inch diameter pellet with a pressure of 15,000 poundforce per square inch (PSI) or, (1 x 105 kPa) at room temperature. Thickness of the prepared pellet
was measured using above mentioned device and average of five samples thickness is considered.
The prepared polymer pellets were vacuum dried again to remove any adsorbed moisture before
taking any final electrical tests.

Figure 3.2. Carver laboratory press for making the pellets
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Drop Casting: Stainless steel metal shim stocks of different sized starting from 1″, 1.5″ and 2″ in
diameter were used as a metal substrate or electrode material. Polymer solutions were made with
appropriate concentration (5-15%) and volume which would be able to make thin films of 10μm
thickness. Solution were filtered using a syringe filter of 0.45μm then drop casted on metal shim
stock placed in the leveled hot surface. The drop casted solutions were then kept semi- covered on
heated surface (50-115 °C) for 12 hours to 1 day in a solvent saturated environment to ensure slow
evaporation of solvent. Finally, they were dried in vacuum oven overnight either at low or high
temperature condition to remove the final traces of removable solvent. One example of Sncopolymer films out of m-cresol solvent is shown in the Figure 3.3 After drying process, they can
be directly tested for dielectric spectroscopy, considering the metal side as one electrode and
placing the silicone in opposite and films on metal stock can act as dielectric material in between
them.

Figure 3.3: Stainless steel metal shim stock with drop casted film

Dr. Blade Coating: Large scale films were made by blade coating using Erichsen Dr. Blade
showing in the Figure 3.4. Polymer solutions of above mentioned concentration can also be casted
on glass substrate of size 10″-12″ or larger to have a large-scale free-standing film. The perforated
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surface on the Dr. blade acts as the vacuum inlet connected with a motor to prevent the movement
of the substrate during casting.

Figure 3.4. Erichsen Dr. Blade and its components
The surface is also connected with a thermostat to control the temperature and a speed controller.
Four different blade applicators were used of sizes 150, 250, 380, 500 μm thick depending upon
the concentration and desired thickness of the final film. For example, for a polyimide 10%
solution in m-cresol would be able to produce a film with a thickness of around 10-12μm using
250μm thick blade applicator. For making the film, the solution with appropriate solvent and
concentration was poured onto the heated and leveled glass substrate on Dr. blade and glided
through with an applicator with a pre-determined speed (3mm/sec – 10 mm/sec). The solution then
kept covered with aluminum foil to maintain the saturated environment and to prevent dust.
Specific heat ramp is very important to get a smooth and homogeneous film. Generally, the initial
temperature was set at 60 °C for one hour, and after each hour the temperature is increased to 10
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°C until it reaches at 100 °C. Once it reached to 100 °C, it was kept 12 hours at that temperature
in real time environment before final drying under vacuum. After one-day vacuum drying under
heat, the films were then removed and cooled under ambient condition and finally peeled off using
a one-sided blade and stored in a sealed bag for electrical tests.

Sputter Coating: Before taking SEM images and AC conductivity measurement, it is necessary
to coat the film with thin conductive metal particles. For doing so, Polaron E5100 SEM Coating
Unit was used as shown in the Figure 3.5. At first the film is placed in between two perforated
stainless-steel metal plates, or, if the film is on metal shim, then it is covered with one-sided
perforated plate. The perforation sizes of the plates are 3 mm in diameter for each hole. A larger 1
cm2 mask is used to metalize films for low-temperature dielectric spectroscopy.

Figure 3.5. Sputter coater and its various components.
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The plates with the films are then placed in the sputter coater chamber and ensure complete vacuum
before purged with argon gas. Current is then applied to sputter coat with a metallic composition
of 80/20 Pd/Au. After coating the masking metal is removed and film is then ready for AC
breakdown measurement.

3.1. Experimental Techniques for Structural Analysis
3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)
For the synthesized polymer, the first and foremost experimental method for analyzing the
structure and functional groups FTIR spectra were taken. Spectra were collected on a Nicolet
Magna 560 FTIR spectrometer with a Specac Quest Diamond Attenuated Total Reflectance (ATR)
and with Nicolet Magna 560 FTIR Transmittance accessories using KBr pellets, with the
resolution of 0.35 cm-1 for both shown in the Figure 3.6. It is able to scan between 2.5 μm or 4000
cm-1 and 25 μm or 400 cm-1 infra-red region for 32 times each. The amount of light absorbed is
expressed as either transmittance or absorbance. This is then to be plotted as either percent
transmission through the sample or absorbance of the sample as a function of wavenumber (cm-1)
following the equation, ύ = 1/ λ. A whole spectrum can be analyzed considering two regions as
functional group regions (4000-1400 cm-1) and finger print regions (1400-400 cm-1). The normal
way to approach interpretation of an IR spectrum is to examine the functional group region to
determine which groups might be present, then to note any unusually strong bands or particularly
prominent patterns in the fingerprint region. Peaks in the functional group region are characteristic
of specific kinds of bonds, and therefore can be used to identify whether a specific functional group
is present. Peaks in the finger print region arise from complex deformations of the molecule. They
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may be characteristic of molecular symmetry, or combination bands arising from multiple bonds
deforming simultaneously, which is very specific for particular molecule.

Figure 3.6. Diamond ATR and Transmittance FTIR for functional group analysis.

3.1.2. Nuclear Magnetic Resonance Spectroscopy
Solution 1H-NMR and

13

C-NMR were performed on a Bruker AVANCE 300 (300 MHz),

AVANCE III 400 (400 MHz), and DMX 500 (500 MHz) high resolution digital NMR
spectrometer. For 1H-NMR spectrum 32-128 scans and for

13

C-NMR spectrum 128-256 scans

were performed for each sample to have a clean and better signal to noise ratio. Deuterated solvents
were purchased from Cambridge Isotopes. All chemical shifts were referenced to either acetic
acid-d4 (δ = 2.04 ppm), dimethyl sulfoxide-d6 (δ = 2.50 ppm), or chloroform-d (δ = 7.24 ppm).
Chemical shift is generally expressed as –
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑑𝑜𝑤𝑛𝑓𝑖𝑒𝑙𝑑 𝑓𝑟𝑜𝑚 𝑇𝑀𝑆 (𝐻𝑧)

δ (ppm) = 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑡𝑟𝑜𝑚𝑒𝑡𝑒𝑟 (𝑀𝐻𝑧)
Protons in electron poor environments sense a larger effective magnetic field because they are less
shielded due to fewer electrons, and therefore, they require a higher frequency to come into
resonance. The chemical shift will be larger, and higher frequencies are located on the left side of
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the spectrum called downfield and vice versa for protons in electron rich environment, will be in
upfield.

Figure 3.7. Brucker 500MHz NMR
NMR can give us multifold information such as a wide and more detailed view of structural
information with local environment from the position and splitting pattern of the peaks, Number
Average Molecular Weight (Mn) of the polymer from chain end analysis, metal content from the
position and intensity of the peaks, concentration of particular species from the integration and
area intensity, reaction progress or conversion etc. For example, we can determine how many sets
of equivalent protons, and kind of protons are involved from the number of peaks and splitting
pattern. Splitting of signals is caused by (and therefore tells us the number of) protons bonded to
adjacent carbons. It follows N+1 rule, where, N is the number of equivalent protons that are bonded
to the adjacent carbons. So, the number of splitting that occurs is one more than the number of
equivalent protons bonded to the adjacent carbons. Splitting patterns are reported as singlet (s),
doublet (d), triplet (t), multiplet (m), etc.
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Integration is the area measurement that tells us the relative number of protons that give rise to
each signal. Beer’s Law says that the amount of energy absorbed or transmitted is proportional to
a certain number of moles present. The area under each signal is proportional to the amount of
radio energy and number of equivalent protons that give rise to that signal. The numbers do not
always correspond to the exact or absolute number of protons. Instead, it tells us the relative
number or ratio of the amount of equivalent protons. The NMR results are shown with the coupling
constant as well. Coupling constant is the distance between two adjacent peaks of a split signal.
The magnitude of J is a measure of how strongly the nuclear spins of the coupled protons influence
each other. Therefore, it is dependent upon the number and type of bonds that connect the coupled
protons and their geometric relationship. Equivalent protons are in the same environment, and their
signals overlap, so only non-equivalent protons can split signals. Also, signals for O-H and N-H
protons are usually singlets.

3.1.3. Thermal Gravimetric Analysis (TGA)
Thermal analysis is important to understand the behavior of the polymer or compound under
different thermal conditions and their stability on particular temperature. For polymer, to know
their upper limit of thermal stability is important before proceeding for any processing or testing
that requires heat treatment. TGA analysis was performed for all synthesized samples using two
models of TA instrument TGA Q500-1732 and TGA Q500-0188 with an accuracy of +/- 0.01%
with a furnace of 1000 ºC temperature withstanding capacity shown in the Figure 3.8. This
destructive method of analysis requires a small amount of sample in the range of 10-30 mg. The
TGA system used here was also equipped with an auto sampler for ease of sample loading and a
computer with TA Instruments Universal Analysis for data analysis.
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Figure 3.8. Thermo-gravimetric analyzer, Q500 series

The signals can be plotted as a weight loss against temperature. For individual sample the method
can be slightly different but commonly 10 ºC/min from 25 ºC to 600 ºC is adopted under nitrogen
atmosphere as a quick run to check the onset of degradation temperature. For any residual solvent
check, isothermal studies have been performed with a general method like 10 ºC/min ramp to 100
ºC and isothermal for 120 min and then second ramp to 200 ºC with isothermal condition for 120
min and finally the third ramp to 600 ºC, although the stopping point of each isothermal condition
depends on the boiling point of the solvent that being used for particular synthesis. For the
determination of lattice water and free water different methods have been applied such as samples
are heated to 110 ºC and held isothermally for 60 minutes. A second heating cycle to 220 ºC at a
heating rate of 10 ºC min-1 and held for another 60 minutes. A third heating cycle at 10 ºC min-1 is
done until the degradation of the material. The first isothermal cycle determines the amount of free
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water in the sample while the second isothermal condition illustrates the amount of lattice water is
been removed. TGA is also can be used for reaction progress such as in polyimide synthesis,
amount of by-product water can be monitored.

3.1.4. Differential Scanning Calorimetry
Differential Scanning Calorimetry (DSC) was performed with a TA instruments series DSC Q20
and DSC Q100 (Figure 3.9) with a heating rates between 10-40 ºC min-1. Approximately 5-10 mg
of sample is taken in a sealed aluminum pan and with a second empty aluminum pan as reference.
The furnace chamber is purged with a gas, either air, or nitrogen depending on the desired
conditions. Both the pans are placed in the same chamber. Generally, after knowing the onset of
degradation from the TGA measurements, upper limit for DSC measurement is set 5-10 ºC below
the decomposition or degradation temperature to run the sample safely and to observe any thermal
transition before degradation. Once after setting the upper and lower limit of the temperature, more
than one cycles are performed for each sample to verify the results and reproducibility of the
transitions, where the first cycle generally shows any thermal history that can be accumulated
throughout the entire synthetic route, which are ignored for any actual thermal transition to be
considered. The principle of operation of DSC instrument involves comparing the heat input to a
tiny oven containing the specimen with that to a similar oven containing the blank. Both ovens are
maintained at the same temperature, but the temperature is raised or lowered at a predetermined
rate. This increase/decrease in heat flow is output to a computer, which plots the rate of heat input,
dQ/dT, as a function of time or temperature. The technique takes advantage of the energy changes
involved in the various phase transitions of certain polymer molecules. This allows several
properties of the material to be ascertained; melting points, enthalpies of melting, crystallisation
temperatures, glass transition temperatures and degradation temperatures.
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Figure 3.9. Differential Scanning Calorimeter on right image and sample preparation tool on left
image. Inset is shown the inside of the sample chamber of DSC.
For some cases, such as small organic molecule melting point is the vital indication of molecular
identity and purity. The sudden upward jump in the DSC output curve signifies an exothermic
process. A sudden drop in heat flux indicates an endothermic process. It is possible to approximate
the heat flow into the sample holder using the following equation:

dQ
 K Tb  T 
dT
Where, T is the sample temperature, Tb is programmed block temperature and K is thermal
conductivity of the material. The enthalpy change for a given phase transition may be found by
integrating over the area in which the transition is seen to occur on the DSC plot. At the Tg a dip
on a graph of heat flux versus increasing temperature, this is due to the molecule having a greater
degree of freedom and absorbing energy to maintain the same rate of heating as the reference. It
can then be concluded that glass transition is an endothermic process which is typical for
amorphous or semi-crystalline polymer. Fully crystalline polymers have no glass transition and
their structure remains intact until the melting point. Because the molecules in a crystalline solid
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have less freedom than those in a flexible rubbery one, the transition between these two states is
exothermic and may be seen as a brief upward “jump” in the graph, referred as crystallization
temperature Tc. At melting transition, Tm, crystalline polymer molecules have gained enough
vibrational freedom to break free from the solid binding forces and form a liquid. Due to the
increased freedom of these molecules, the DSC graph should take a sudden dip at this temperature.
The final transition on a DSC graph is the degradation temperature, TD. At this point in the heating
cycle, individual bonds between atoms start to break as the vibrations become more and more
fierce until eventually, individual polymer molecules decompose into their components.
Depending on the nature of the substance under investigation, this process can be either
endothermic or exothermic.

3.1.5. Dynamic Mechanical Thermal Analysis (DMTA)
Dynamic Mechanical Thermal Analysis (DMTA) was performed with a TA instruments series
DSC Q8000 shown in the Figure 3.10. The sample was subjected to DMA controlled force mode
in a tension film clamp isothermally at 25 °C with a force ramp rate of 0.5 N/min and 3 min soak
time. Dynamic Mechanical Analysis were done by the is a technique where a small deformation
is applied to a sample in a cyclic manner. This allows the materials response to stress, temperature,
frequency and other values to be studied. The term is also used to refer to the analyzer that performs
the test. DMA is also called DMTA for Dynamic Mechanical Thermal Analysis. DMA works by
applying a sinusoidal deformation to a sample of known geometry. The sample can be subjected
by a controlled stress or a controlled strain. For a known stress, the sample will then deform a
certain amount. In DMA this is done sinusoidally. How much it deforms is related to its stiffness.
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Figure 3.10. Dynamic Mechanical Thermal Analyzer (DMTA)

3.1.6. X-Ray Diffraction (XRD)
X-ray Diffraction (XRD) patterns were collected on a Bruker D2 Phaser and Xcalibur X-ray
Diffraction System from Rigaku Oxford Diffraction with Cu-Kα (λ = 1.54184 Å) source beam in
both cases shown in Figure 3.11. In D2 phaser LynxEye linear detector is used for high-speed data
collection. The XCalibur PX Ultra is a 4-circle diffractometer with ccd Onyx area detector. X-ray
intensity is directly measured as a function of 2θ angle. The Xcalibur was used to investigate free
standing films while powder samples were studied using the D2 Phaser. The sample is mounted at
the center of the circle in D2 phaser. A scintillation counter moves around the circumference of
the circle and hence moves through a range 0 values of 2θ from minimum to maximum value. The
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detector collects X-ray flux at each position and hence directly records intensity (a.u.) as a function
of 2θ which is then displayed graphically by a computer interface. In this method, the X-rays are
usually collimated by slits rather than pin-holes to maximize X-ray flux. The slits are arranged
perpendicularly to the plane of the circle of motion of the diffractometer.

Figure 3.11. D2 Phaser (left) and Xcalibur (right) for X-Ray Diffraction.
Simple Bragg’s equation can be applied to investigate the crystal pattern by evaluate the d spacing,
Bragg ′ s Equation, nλ = 2d sin 𝜃
The d-spacing can act as the finger print of the material which is basically the spacing between
planes in a facet. XRD is a great tool to investigate the crystalline and amorphous nature of the
material. Generally sharp peaks with minimal base line are the representations of highly crystalline
phase of the material. Amorphous nature and impurity broadens these peaks. Different structural
motif calculated by theorist as a X ray pattern can be examined with the help of experimental XRD
pattern as well to understand the existence of actual motif in reality.
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3.1.7. Density Measurement
Density measurements were performed for a powdered solid material manually in pressed pellet
form and as a powdered sample in most sophisticated machine like AccuPyc II Pycnometer (Model
1340 V1.05) under He gas with a pressure of 0.025 psig/min at room temperature with a precision
of ± 0.01%. Pellets making procedure was discussed in the previous section 3.1. Thickness and
mass of the pellets were measured. Volume of the pellets were then figured out by using the
equation V = πr2h, where V is the volume, π = 3.142, r = radius of the pellet, which in this case
0.5 inch. Density was then calculated from the measured volume and mass taken of the polymer
sample. With the help of density measurement, metal volume percentage was determined by
relating the density of the pellet, with the metal weight fraction as determined by 1H-NMR and
ICP-OES experiment. These values finally compared to a theoretical metal volume percentage
calculated by the covalent volumes inside the unit cell by DFT.

3.1.8. Inductively Coupled Plasma Optical-Emission Spectroscopy (ICP-OES)
ICP optical emission spectrophotometers (ICP-OES) is one of the most versatile methods of
inorganic analysis such as metal content analysis. The excitation temperature of argon ICP is 5000
to 7000 K, which efficiently excites many elements. Also, using inert gas (argon) makes oxides
and nitrides harder to be generated. After inputting the plasma energy, elements are promoted to
excited state and eventually return to low energy state by releasing emitted energy which is
measured by the instrument. The element is identified by the position of the photon beam and
content is determined by beam intensity. ICP-OES spectrometer has detection limits in the subppb region.
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3.1.9. Scanning Electron Microscopy (SEM)
Morphology of the polymer and microscopic surface property were determined by the JEOL JSM6335F, and FEI Teneo cold cathode field emission scanning electron microscopes with a resolution
of 1.5nm at 15kV and 5.0nm at 1kV with over 100 000X magnification. They are equipped with a
Thermo Noran System Six EDS which is capable of doing elemental analysis as elemental
detection, quantification and mapping.

Figure 3.12. FEI Jeol Scanning Electron Microscope
For purely dielectric materials low vacuum mode is good to apply, however, high vacuum can also
be applied depending on the nature of the material. For the high vacuum the system achieves the
lowest pressure possible throughout the column and specimen chamber. The typical pressure value
is within the order from 10-2 to 10-4 Pa. In low vacuum condition, the column section is under the
lower pressure than the specimen chamber where the pressure ranges from 10 to 50 Pa (0.08 to 0.4
Torr). This mode uses water vapor from a built-in water reservoir or a gas from an auxiliary gas
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inlet. The system automatically detects any Low Vacuum detector (LVD and GAD) and offers to
switch to the LoVac vacuum mode. The beam of electrons is emitted within a small spatial volume
with a small angular spread and selectable energy. Electrons striking the specimen react with atoms
of the sample surface in various manners producing electrons and photons (X-rays). The entire
particle path from a source to a specimen must be under vacuum so that the particles do not collide
with air molecules.

3.2.

Experimental Techniques for Electrical Analysis

3.2.2.

Frequency Domain Dielectric Spectroscopy

To perform the dielectric spectroscopy a special sample holder was made by EIRC lab in UConn
shown in the Figure 3.12. It has metal electrodes in cylindrical shape inside the sample holder. To
ensure good contact between dielectric material and electrode, an electrically conductive silicone
sheets are used. The sample is then sandwiched in between two conductive electrodes, where the
positive electrode with an area of 0.78 cm2. The positive electrode is surrounded with a circular
Teflon guard to avoid the stray capacitance and with another circular silicone band around it to
minimize the air gap. The negative terminal has wider circular silicone electrode so that it can
encompass both the size of positive electrode and the guard. For dielectric test below the 0 °C,
electrode materials and sample holder (shown in Figure 3.13 (right)) need to be different because
temperature below -50 °C, silicone lost its conductivity. For that, silicone electrode is replaced
with smooth copper electrodes with spring connection to ensure firm contact. The contact area is
sputter coated as described in the previous section but this time with larger area of 0.78 cm2. The
sample holder is set into an aluminum box to isolate it from cryogenic gas flow. For dielectric
spectroscopy is carried out in the Agilent 4284A Precision LCR (Inductance Capacitance
Resistance) meter as shown in the Figure 3.14. The sample holder is placed inside a Delta 9023
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oven for better thermal and electrical shielding as well as this oven serves the purpose of holding
the cryogenic gas and display the temperature digitally.

Figure 3.13. Sample holder for dielectric test developed by EIRC

The oven is connected with a nitrogen tank and LCR meter is connected and controlled with a
computer programmed interface called Labview. The device is able to measure the capacitance in
the frequency domain ranging from 20 Hz to 1MHz along with the dielectric loss associated with
it. Generally, for each sample average of 10 run is taken. The capacitance is converted to dielectric
constant by using the appropriate equation. For temperature ramp study, the holding time at
particular temperature can be varied, but it is ideal to hold the temperature for at least 20-30 min
to equilibrate the sample with that temperature. The effect of water was monitored in different
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elevated temperatures in the same LCR meter connected with the same insulated oven when it is
purged with nitrogen.

Figure 3.14. Agilent 4284A Precision LCR meter and sample compartment inside the insulated
Delta 9023 oven with integrated computer interface for data analysis.

3.2.3.

UV-Visible Spectroscopy for Band Gap Measurement

Band gap can be measured experimentally by using Ultra-Violet-Visible Spectrometry (UV-Vis).
A Cary 5000 UV-Vis-NIR spectrophotometer (Figure 3.15.) was used to have UV-Vis spectrum
from 800-190nm and onset of absorption/ excitation inter-band is determined as λonset using
Planck’s equation, Eg = hc/λo, where, h is the Planck’s constant (4.136 x 10-15 eV.s), c is the speed
of light in vacuum (2.998 x 1017 nm/s) and λo is determined from the onset of wavelength. The
onset of absorption is determined from the intersection of a straight line on the slope of absorbance
and an extrapolated line through wavelength. Due to the sensitivity of the device, low
concentration (1-5%) is required to get detectable spectrum.
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Figure 3.15. UV-Vis spectrophotometer.

At first, appropriate solution is prepared and then drop casted on quartz microscopic slide (Ted
Pella, Inc., 3″x1″x1 mm) and dried well before taking the test. Quartz is used instead of the normal
borosilicate glass because the absorption maximum of quartz occurs below 175 nm which is below
our working range and will not interfere with the absorption of the sample itself. The spectrum is
resulted as absorbance as a function of wavelength, where transmittance is given in terms of a
fraction of 1 or as a percentage and is defined as follows, T = I / Io or, %T = (I/ Io) x 100 and
absorbance is defined as A = - logT = εcl and ε =molar absorptivity coefficient, c is the
concentration and l is the path length. The spectrum is generated due to the promotion of electrons
from the ground state or highest occupied molecular orbital (HOMO) to the excited state or, lowest
unoccupied molecular orbital (LUMO). There are four possible types of transition that can occur
as shown in the Figure 3.16. and their order of the transition according to the amount of energy
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they absorbed as: σ-σ* > n-σ* > π-π* > n-π*. Here, σ or π electrons are bonding electrons shared
by more than one atom, n is

Figure 3.16. Different transition of electron (e) in UV-Vis region

the non-bonding or unshared or electrons localized on atoms such as oxygen, sulfur, nitrogen or
the halogens. The σ → σ* transition mostly lies outside of the UV-vis region, < 185 nm. The
transition n → σ* lies within the 150-250 nm region with most compounds exhibiting this
transition < 200 nm. This transition is dependent on the structure compound and the type of bond.
The π → π* and n→ π* transition occurs in the range of 200-700 nm for unsaturated functional
group or chromophore. The presence of an absorbance band at a particular wavelength often is a
good indicator of the presence of a chromophore. Conjugating the double bond with additional
double bonds increases both the intensity and the wavelength of the absorption band. Also,
transition metal ions also have electronic energy levels that cause absorption of 400–700 nm in the
visible region. For a dielectric material, at least, the sample should have the onset wavelength at
400nm, which results 3eV of band gap. Lower the wavelength, better will be its performance as
dielectric.
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3.2.4.

DC Breakdown Measurement

A polymer dielectric whether it can withstand a particular field or how far it can tolerate the electric
field, which is called as breakdown field, can be measured in two ways. For the synthesized
polymers breakdown field is determined using a linear voltage ramp of 300 V/s. 3 mm in diameter
sized samples are taken in silicone oil known as ball to plane, where the top electrode is a ball
bearing and bottom electrode is a conductive metal oil bath shown in Figure 3.17. Films need to
be metalized on both sides and placed in between two electrodes. Sputter coater is used to
metallized the films. This geometry gives closer value to intrinsic property of the material.

Figure 3.17. DC breakdown test set up developed by EIRC

Another way of set up is called film to film, where strip of film electrode is placed first with
metallized side facing up. On the second layer the sample is placed with a Kapton cover, where
the cover has a hole of 2 cm2 through which the sample is exposed. The final layer has second film
electrode with the conductive metallic side facing down. This geometry gives more practical value.
When the first breakdown event occurs, the power supply is shut off through an interlock input by
a silicon-controlled rectifier (SCR) circuit, which uses the breakdown-induced ground-rise voltage
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capacitively coupled to the gate of an SCR. The breakdown voltage of the sample is read from a
peak-holding voltmeter. The sample thickness is measured as per the description in the Section
3.1. For a particular polymeric dielectric, 20-30 different samples have considered for single
experiment and a Weibull distribution plot is generated. Weibull characteristic breakdown field is
found from the function F(x), where, x is the electric field, β is the shape parameter that measures
how much variation there is in the data, c is the threshold field as the lower limit of breakdown
and η is the scale or Weibull characteristic breakdown field where there is a 63.2 % probability of
failure occur.
𝑥−𝑐 𝛽
𝐹(𝑥) = 1 − 𝑒𝑥𝑝 [− (
) ] 𝑓𝑜𝑟 𝑥 ≥ 0
{
𝜂
𝐹(𝑥) = 0
𝑓𝑜𝑟 𝑥 < 0

3.2.5.

AC Breakdown Measurement

Polarization and depolarization or in other words charge – discharge behavior of a dielectric
material is an important aspect to understand the practical behavior of the material under such
condition. This behavior can be figured out by displacement (D)- electric (E) field (D-E) hysteresis
loop, which gives us information whether the response of a dielectric is linear or non-linear under
applied field, how efficiently it can behave under AC voltage and what is the input energy density
at highest field as well as the breakdown nature. Practically, there is always some sort of nonlinear relationship exist. The area under the curve between the polarization and the applied electric
field, known as the D-E loop. This D-E loop can be achieved by the polarization tests with a
modifier Sawyer-Tower circuit with a Trek Model 10/40 10 kV high voltage amplifier and as
OPA541 operational amplifier based current to voltage converter.
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Figure 3.18. Diagrammatic representation of D-E Hysteresis Loop

The sample is prepared and taken as the ball to plane set up discussed in earlier section. The
thickness of the polymer film has to be as thin as 10 μm or lower. The films are metallized on both
sides with sputter coater as an area of 3mm each. A half-wave rectified sinusoidal wave was
applied at 100 Hz, and consecutive high voltage half-sine pulses were applied with increased
amplitude until the sample broke down. Using D-E hysteresis loop, we can also determine the
conduction loss, especially at high voltage. The data obtained were analyzed and plotted as shown
in Figure, the input energy density and released energy density are area I + II and area I,
respectively. And the efficiency is calculated as the ratio between area I and total area (I + II).
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Chapter 4

4. Tin Containing Polymeric System as Dielectric:
Starting with Group 14 Metals

Given the lack of dependence of the ionic dielectric constant on the band gap, it was suggested
that the former could perhaps be enhanced without adversely affecting the latter. Studies carried
out for the halides of Group 14 elements showed that Pb, Sn and Ge based compounds have much
higher dielectric constants than their C or Si counterparts, as well as band gap values around or
greater than 4 eV.[71] Further, it is known that metal-organic frameworks (MOFs)—compounds
containing metal clusters surrounded by organic ligands—are commonly used for gas storage,
catalysis and supercapacitors. Based on these ideas, a metal-organic polymer framework was
proposed where the organic polymer chain is interrupted by a metal containing unit. For initial
study, Sn was chosen as the metal atom, and polymer repeat units were generated by introducing
tin fluoride (-SnF2-), tin dichloride (-SnCl2-) and dimethyltin-ester (-COO-Sn(CH3)2-COO-) units
in polyethylene chains in varying amounts.[78] DFT calculations showed that these systems indeed
display superior dielectric constants compared to organics for a given band gap value; the Sn-ester
based polymers were duly synthesized and tested. As shown in Figure 4.1, some of the organo-Sn
polyesters showed extremely high dielectric constants of > 6 for band gaps > 5 eV.
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Figure 4.1. Computational and experimental dielectric constants and band gaps for a series of
organo-Sn polyesters as a function of the number of linker -CH2- units. The DFT results are shown
for three kinds of structural motifs—a, b and g. Reproduced with permission from ref [69].
Copyright 2016, Advanced Materials.
The effect of amount of tin loading in the polymer repeat units by varying the length of the aliphatic
spacers on properties such as low-energy structural motifs, dielectric constants, dielectric loss and
energy band gap are reported. This novel study suggests the increase in the dielectric constant by
incorporation of metal atoms covalently bonded into the polymer backbone reduces and, in some
cases, eliminates the dispersion difficulties such as agglomeration of particles observed in
nanoparticles and nanocomposites. Poly(dimethyltin esters) are synthesized by the interfacial
polymerization technique described by Zilkha and Carraher[79] with some modification shown in
the Figure 4.3. During the reaction, the organic phase containing dimethyltin dichloride in
tetrahydrofuran solvent is added to a rapidly stirred aqueous solution of deprotonated diacid
(deprotonated by strong base like sodium hydroxide) and polymerization occurred at the interface
of the micelles formed. High molecular weight (Mn ~ 6.5-9.3 x 104 g/mol) polymers are obtained
as a result of the increased solubility of tin monomer in the organic phase.
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Figure 4.2. DFT computed band gaps and dielectric constants for all organic and organometallic
polymers. The organometallics show higher dielectric constants than the organics for a given band
gap. Reproduced with permission from ref.[69]. Copyright 2016, Advanced Materials.

Thermal stability ranges from 215-265 °C. Aliphatic tin polyesters exhibit dielectric constants 5.36.6, and large band gaps 4.7- 6.7 eV, which indicative of the high breakdown potential of the
polymers shown in the Figure 4.1

Figure 4.3. Interfacial synthesis of poly(dimethyltin ester) from the reference [80]

When the number of methylene spacer is increased from 1-3, there is a decrease in the dielectric
constant and there is spike to the second maxima at six methylene spacer containing polymers as
predicted by DFT. Majority of them exhibit losses on the order of 10-2 which is similar in
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magnitude as PE and PP. p(DMTSeb) with eight methylene spacer in the repeat unit shows
dissipation factor on the order of insulating polymers used in pulsed power application
(∼10−4).[81],[82,83] Among these aliphatic systems poly(dimethyltin glutarate), p(DMTGlu), with
three methylene spacers in the repeat unit was considered as best dielectric material on the context
of high dielectric constant and low dielectric loss. The experimental dielectric measurements
strongly correlate with the DFT predictions of 3D organization of this polymeric system. Blends
and copolymers of p(DMTSub), and p(DMTDMG) are also reported using increasing amounts of
p(DMTSub) from 10% to 50% to find a balance between electronic properties and film
morphology. Specific composition of blend and copolymer exhibit improved dielectric constants
of 6.7-6.8 with dielectric losses of 1-2%. Higher energy density in copolymer 6 J/cc is observed
compared to 4 J/cc for the blend due to the uniform distribution of diacid repeat units in the
copolymer compared to the blend, leading toward improved film quality and subsequently high
energy density.[84]

The successful design of novel Sn-based polymers paved the path for an exploration of polymers
containing various metals chosen from the periodic table. In Figure 4.2, DFT computed results
are presented for organometallic polymers constituted of (respectively) 9 different metal atoms;
also, shown for comparison are all the organics discussed in the previous section. The metal based
systems clearly surpass the pure organics in terms of high dielectric constants for given values of
band gap. This is owing to the enhanced polarity of chemical bonds (between electropositive metal
atoms and highly electronegative atoms such as O, F and Cl) in the organometallics, and the
swinging and stretching of these polar bonds at low frequencies that cause fluctuations in
polarization under electric fields.[84]
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4.1. Optimization of Tin-Polyester with Co-polymerization and
Blend Approach.

4.1.1. Introduction
Recent studies, both computational and experimental, on aliphatic, aromatic and chiral
poly(dimethyltin esters) show a benefit from the incorporation of metal tin atoms in the backbone
of a polymer chain through a bond between tin and oxygen, commonly known as coordination
bond, and the resultant system known as coordination complex system; here, it is coordination
complex polymer.[85–87] This alleviates dispersion difficulties as the tin atoms are dispersed
throughout the polymer and become a part of the polymer chain and unable to aggregate together.
This aggregation phenomenon is very common in polymer nanocomposite or nanoparticle system
and even ferroelectric polymers.[88–90] This aggregation can lead to many difficulties in electrical
energy storage application. The ester linkage to the tin atom is an ideal way to bind the metal into
the polymer backbone as it provides an increased atomic polarization and can further increase
dipole interactions. By varying the length of methylene groups between diacid monomers,
aliphatic poly(dimethyltin esters) were able to be produced with different weight percentages of
tin.[80,91] During the study on aliphatic poly(dimethyltin esters), a suggestion was made that film
morphology based on methylene spacer length was responsible for variations in dielectric constant
and band gap. The regularly repeating and polar nature of these poly(dimethyltin esters) allowed
for high degrees of crystallinity in the polymer powders and films.
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Goal of this Study: In this study, poly(dimethyltin suberate), p(DMTSub), was chosen for further
investigation as it had the highest reported band gap of the aliphatic organotin polyesters coupled
with a large dielectric constant. A second organotin polyester, poly(dimethyltin 3,3dimethylglutarate) p(DMTDMG) was chosen from rapid DFT screening which was not previously
studied.[80] p(DMTDMG) was chosen through a co-design process using DFT calculations to
intentionally disrupt large scale interchain networks that have been predicted and experimentally
confirmed by IR spectroscopy.[69] It was assumed that among all the aliphatic Sn polyester studied
p(DMTDMG) would provide more amorphous regions in the polymer matrix due to having its two
bulky methyl groups as branch. Moreover, copolymerization would further improve the
amorphous characteristics of the polymer matrix as it can impart more free volume and retard the
chain packing. Guided by first-principles calculations from DFT, we were able to determine
structure-property relationships among p(DMTSub) and p(DMTDMG) and offer insights into their
hybrid structures. By blending these poly(dimethyltin esters) together and synthesizing
copolymers out of them, high dielectric constants can be maintained while controlling morphology
and allowing for the formation of homogenous films. The goal of this work was to determine if
blends or copolymers would be more advantageous from a properties perspective and to enable
amorphous films to be cast for high field characterization. From a commercial mindset,
copolymers would be preferred since the extra steps of separate synthesis, purification, and
blending are removed.

Rationale behind Material Selection: Previous studies on poly(dimethyltin glutarate),
p(DMTGlu), showed a material with a dielectric constant of ca. 6.2 and band gap of ca. 4.7 eV;
however, interchain coordination produced large networks of polymer chains that resulted in poor
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film quality.39 These films were inadequate for sensitive high field measurements like chargedischarge (D-E loop) behavior, which are used to determine dielectric linearity and energy density.
DFT enabled quick screening of a number of potential replacements, and p(DMTDMG), which
was shown to have a similar calculated dielectric constant and a high band gap of 6.1 eV, along
with an increase in free volume and steric hindrance. While p(DMTDMG) also had trouble
forming films, blending it with 20% p(DMTGlu) produced films suitable for D-E hysteresis loops.
For this study, p(DMTSub) was chosen over p(DMTGlu) since it was shown to have a higher band
gap (6.7) and dielectric constant (6.6) as a pressed powder pellet.40

4.1.2. Preparation of Co-Polymers and Blend
Materials: Suberic acid (99%) and 3,3-dimethyl glutaric acid (98%) were procured from Acros
Organic. Certified ACS sodium hydroxide pellets (97%) were purchased from Fisher Scientific.
Dimethyltin dichloride (98%) was procured from TCI America and HPLC grade Tetrahydrofuran
(THF) from J.T. Baker. Deionized water was collected from a Millipore Super-Q purification
system. All chemicals were used as received with no further purification.

Synthesis of Homopolymers: Scheme 4.1 shows the general reaction procedure for the synthesis
of tin polyesters as homopolymers and copolymers. For the homopolymer synthesis, 0.015 moles
of diacid and 0.032 moles of sodium hydroxide (NaOH) were added and dissolved in a 100 mL
round bottom flask filled with 20.0 ml of deionized water equipped with a magnetic stir bar. To a
second flask, 0.015 moles of dimethyl tin dichloride was dissolved in 18.0 mL of THF. The THF
solution was then added to the aqueous solution and allowed to polymerize at ca. 20 ºC until the
polymer precipitates from the solution. The precipitate was then filtered and washed with three
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50.0 mL portions of a 1:1 mixture of water and THF and dried in vacuo (30 in. Hg) at 115 oC for
24 hours.

Scheme 4.1. Polymerization reaction scheme of homopolymers and copolymers of 3,3-dimethyl
glutaric acid and/or, with suberic acid.

Poly(dimethyltin 3,3-dimethylglutarate) (p(DMTDMG)) : Into a round bottom flask equipped
with a magnetic stir bar was added 2.4747g (0.0155 mol) of 3,3-dimethylglutaric acid, 1.4224g
(0.0356 mol) of sodium hydroxide and 20 mL of deionized water. To an Erlenmeyer flask was
added 3.3694g (0.0153 mol) of dimethyltin dichloride and 20 mL of THF. The dimethyltin
dichloride solution was then added to the rapidly stirred diacid solution. After stirring for 1 hour
the reaction solution precipitated out the solid which was then filtered, washed with 50 mL portions
of 50/50 mixture of THF and H2O and dried in vacuo to yield p(DMTDMG) of 3.4982g (76%).
FTIR (ATR cm-1): ν = 3440 (vs; OH), 2960 (s), 2920 (vs; CH), 1672 (s), 1635 (vs; νas(C=O)),
1618 (s), 1560 (vs), 1471 (m), 1408 (s), 1365 (vs), 1258 (s), 1179 (s), 1111 (w), 793 (s), 752 (m),
637 (s), 602 (w), 573 (m), 525 (m), 500 (m);
TGA (10 oC min-1): N2 (onset): 260 oC.
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Figure 4.1. FTIR spectrum and TGA and DSC thermograms of the p(DMTDMG) sample.

Poly(dimethyltin suberate) (p(DMTSub)): For the reaction 2.6131 g of suberic acid (0.015
moles) and 1.2801 g of sodium hydroxide (0.032 moles) were dissolved in 20 ml of deionized
water in a 100 ml round bottom flask equipped with a magnetic stir bar. To a second flask 3.2953g
of dimethyl tin dichloride (0.015 moles) was added and dissolved in 18 ml of tetrahydrofuran. The
organic solution was then added to the aqueous solution and allowed to polymerize at room
temperature until the polymer precipitates from the solution. The precipitate was filtered and
washed with 50mL portion of a 50/50 mixture of water and THF and dried in vacuo (30 in. Hg) at
115 oC for 24 hours (yield 3.4656g, 72%).
FTIR (ATR cm-1): ν = 2920 (w; CH), 1640 (w), 1560 (vs, νas(COO)), 1410 (m), 1380 (m, νs (COO)), 1340 (w), 1230 (w), 1190 (w), 779 (s), 629 (vs), 499 (vs);
TGA (10 oC min-1): N2 (onset): 242 oC.
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Figure 4.2. FTIR spectrum and TGA and DSC thermograms of the p(DMTDMG) sample.

Synthesis of Co-polymers: Scheme 4..1 also represents the general scheme for copolymer
synthesis. For example, the following procedure was adopted for the synthesis of the
poly[(dimethyltin suberate)-co-(dimethyltin 3,3-dimethylglutarate)] with 50% of the diacid being
suberic acid and the remaining 3.3-dimethylglutaric acid. For simplicity, the polymer will
henceforth be referred to as CP50 with the 50 referring to 50% suberic acid, and subsequent
polymers will have similar nomenclature. The other copolymers were named as CP10, CP20, CP30
and CP40 for 10%, 20%, 30% and 40% of suberic acid moiety, respectively, with the
corresponding 3,3-dimethyl glutaric acid.

Poly[dimethyltin(suberate50-co-3,3-dimethylglutatre50)] (CP50): 1.3065 g of suberic acid
(0.0075 moles) and 1.2013 g of 3,3-dimethylglutaric acid (0.0075 moles) with 1.2802g of sodium
hydroxide (0.032 moles) were dissolved in a round bottom flask with 20 ml deionized water
88

equipped with a magnetic stir bar. To a second flask 3.2953g of dimethyltin dichloride (0.015
moles) was added and dissolved in 18 ml of tetrahydrofuran. The organic solution was then added
to the aqueous solution and allowed to polymerize at room temperature in open atmosphere until
the polymer precipitates from the solution. The precipitate is filtered and washed with a 50 mL
portion of 50/50 mixture of water and THF and dried in vacuo (30 in. Hg) at 115 oC for 24 hours
(yield 3.4656g, 72%).
FTIR (ATR cm-1): ν = 2920 (w; CH), 1640 (w), 1560 (vs, νas(COO)), 1410 (m), 1380 (m, νs (COO)), 1340(w), 1230 (w), 1190 (w), 779 (s), 629 (vs), 499cm-1 (vs);
TGA (10 oC min-1): N2 (onset): 255 oC.

Figure 4.3. FTIR spectrum and TGA and DSC thermograms of the CP50 sample.

Poly[dimethyltin(Suberate40-co-3,3-dimethylglutatre60)] (CP40): 1.0798 g of suberic acid
(0.0062 moles) and 1.4575 g of 3,3-dimethylglutaric acid (0.0091 moles) were dissolved in a round
bottom flask with 20 ml deionized water equipped with a magnetic stir bar. To a second flask
3.3393g of dimethyltin dichloride (0.0152 moles) was added and dissolved in 18 ml of
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tetrahydrofuran. The organic solution was then added to the aqueous solution and allowed to
polymerize at room temperature in open atmosphere until the polymer precipitates from the
solution. The precipitate is filtered and washed with a 50 mL portion of 50/50 mixture of water
and THF and dried in vacuo (30 in. Hg) at 115 oC for 24 hours (yield 3.3481g, 70%).
FTIR (ATR cm-1): ν = 3469 (b; OH), 2937 (m; CH), 2866 (w), 1645 (w), 1566 (vs; νas(COO)),
1416 (s; νs(COO)), 1400 (m), 1198 (vw), 798 (s), 638 (s; Sn-O), 581 (w), 508 (m);
TGA: (10 oC min-1): N2 (onset): 255 oC.

Figure 4.4. FTIR spectrum and TGA and DSC thermograms of the CP40 sample.

Poly[dimethyltin(suberate30-co-3,3-dimethylglutatre70)] (CP30): 0.8013 g of suberic acid
(0.0046 moles) and 1.6978g of dimethyl glutaric acid (0.0106 moles) were dissolved in a round
bottom flask with 20 ml deionized water equipped with a magnetic stir bar. To a second flask
3.3173g of dimethyltin dichloride (0.0151 moles) was added and dissolved in 18 ml of
tetrahydrofuran. The organic solution was then added to the aqueous solution and allowed to
polymerize at room temperature in open atmosphere until the polymer precipitates from the
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solution. The precipitate is filtered and washed with a 50 mL portion of 50/50 mixture of water
and THF and dried in vacuo (30 in. Hg) at 115oC for 24 hours (yield 3.2631g, 69%).
FTIR (ATR cm-1): ν = 3437 (b; OH), 2928 (s; CH), 2858 (w), 2362 (vw), 1617 (w), 1564 (vs;
νas(COO)), 1411 (s; νs(COO)), 1376(m), 1264(vw), 1195 (w), 792 (s), 637 (vs; Sn-O), 575 (w),
503 (vs);
TGA: (10 oC min-1): N2 (onset): 253 oC.

Figure 4.5. FTIR spectrum and TGA and DSC thermograms of the CP30 sample.

Poly[dimethyltin(suberate20-co-3,3-dimethylglutatre80)] (CP20): 0.5574 g of suberic acid
(0.0032 moles) and 1.9541 g of 3,3-dimethylglutaric acid (0.0122 moles) were dissolved in a round
bottom flask with 20 ml deionized water equipped with a magnetic stir bar. To a second flask
3.3175g of dimethyltin dichloride (0.0151 moles) was added and dissolved in 18 ml of
tetrahydrofuran. The organic solution was then added to the aqueous solution and allowed to
polymerize at room temperature in open atmosphere until the polymer precipitates from the
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solution. The precipitate is filtered and washed with a 50 mL portion of 50/50 mixture of water
and THF and dried in vacuo (30 in. Hg) at 115oC for 24 hours (yield 3.3661g, 71%).
FTIR (ATR cm-1): ν = 3441 (b; OH), 2927 (s; CH), 2362 (w), 1616 (w), 1565 (vs; νas(COO)), 1412
(s; νs(COO)), 1375(m), 1309 (vw), 1261(w), 1195 (w), 792 (s), 637 (vs; Sn-O), 575 (w), 503 (s);
TGA: (10 oC min-1): N2 (onset): 245 oC.

Figure 4.6. FTIR spectrum and TGA and DSC thermograms of the CP20 sample.

Poly[dimethyltin(suberate10-co-3,3-dimethylglutatre90)] (CP10): 0.2787 g of suberic acid
(0.0016 moles) and 2.1783 g of 3,3-dimethylglutaric acid (0.0136 moles) were dissolved in a round
bottom flask with 20 ml deionized water equipped with a magnetic stir bar. To a second flask
3.3402 g of dimethyltin dichloride (0.0152 moles) was added and dissolved in 18 ml of
tetrahydrofuran. The organic solution was then added to the aqueous solution and allowed to
polymerize at room temperature in open atmosphere until the polymer precipitates from the
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solution. The precipitate is filtered and washed with a 50 mL portion of 50/50 mixture of water
and THF and dried in vacuo (30 in. Hg) at 115 oC for 24 hours (yield 3.4324g, 73%).
FTIR (KBr): ν = 3446 (b; OH), 2959(m), 2927(m; CH), 1672 (w), 1618 (s), 1561 (vs; νas(COO)),
1409(w), 1366 (vs; νs(COO)), 1259 (m), 1180(m), 792 (s), 638 (vs; Sn-O), 573 (m), 503 (m);
TGA (10 oC min-1): N2 (onset): 251 oC.

Figure 4.7. FTIR spectrum and TGA and DSC thermograms of the CP10 sample.

Preparation of Blends: Blends were prepared as a 10% wt/wt of total polymer to total solution in
m-cresol solvent by mixing solid p(DMGSub) and p(DMTDMG) homopolymers with varying
mass ratios from 10% to 50% at ca. 20 ºC. Different blends were named as BP10, BP20, BP30,
BP40 and BP50 for 10%, 20%, 30%, 40% and 50% of p(DMTSub), respectively, with the
remainder being p(DMTDMG).

Film processing. Copolymer solutions of 10% wt/wt of total polymer to total solution in m-cresol
were prepared for film casting. Blends and copolymers were filtered with 0.45 µm syringe filters
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and drop casted onto 1 inch 302 stainless steel shim stock discs (McMaster-Carr) for dielectric
measurements, uncoated glass microscope slides (Fisher Scientific) for X-Ray Diffraction (XRD)
analysis, and quartz microscope slides (Fisher Scientific) for band gap measurement. The blended
solutions were dried on a leveled hot plate for 1 hour at 100 °C in a fume hood to evaporate the
solvent. The films were then dried in vacuo (30 in. Hg) for 24 hours at 150 °C and then heat was
removed to cool down to ca. 20 ºC.

4.1.3. Structural Confirmation
Figure 4.8 represents the structural arrangement of p(DMTDMG) as a result of DFT prediction. It
suggested that a polymer of this kind could have different connectivity referred as intra which is a
monodentate bridging having a 4-fold coordination, inter which is a bidentate bridging with 6-fold
coordination and a hybrid which is a mixture of monodentate bridging and a bidentate chelation.
In Figure 4.9 both experimental and computational manifestation is represented for p(DMTDMG)
alongside the previously studied p(DMTSub) with both XRD and FTIR spectra. FTIR was used to
examine the presence of three different motifs, inter, intra, and hybrid, found in tin polyesters as
previously speculated by Peruzzo, reported by Carraher et al. and confirmed by Baldwin et
al.[92,93] Here again, we observed the presence of three different motifs in a single type of
polymer chain. Any single predicted spectra of XRD and FTIR did not reflect the experimental
spectra. It is the combination of all three that can prevail. The important Sn-O mode here was the
tin carboxylate seen in the range of 630-643 cm-1.[94] For C-O, the free CO group without any
coordination generally vibrates at 1700-1725 cm-1.[95] the modes of interest were asymmetric
bridging and non-bridging bonds, which occurred at 1550-1580 cm-1 and 1635-1660 cm-1,
respectively.[96–98] Symmetric bridging and non-bridging occurred at 1410-1430 cm-1 and 1350-
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1370 cm-1, respectively, and their differences lied in the range of bidentate bridging and chelation,
what we found from the hybrid and inter chain calculated spectra p(DMTDMG) (a) and
p(DMTSub) (c) in the Figure 4.9, and showed the 6-fold coordination for the Sn atom.[99,100]

Figure 4.8. Predicted low energy structures for p(DMTDMG) by DFT.

Similarly, the powder XRD patterns showed these bonds against the computationally predicted
spectra of the three competing motifs to compliment the FTIR data. The XRD patterns for the
homopolymers p(DMTDMG) (b) and p(DMTSub) (c) do not contain exact peak resemblance for
any of the three motifs, inter, intra, and hybrid.
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Figure 4.9. Comparison of p(DMTDMG) FTIR (a) and powder XRD (b) alongside p(DMTSub)
FTIR (c) and powder XRD (d). DFT results for the three different motifs are compared beneath
the experimental results.
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DFT predictions use the lowest energy structures found for each of the three motifs, however,
lower energy structures could exist that were not found by the minima hopping algorithm. In
addition, more complex motifs could form besides the three considered here containing many
variations of inter and intra motifs along the polymer backbone. These motifs would manifest
themselves with different diffraction patterns and could be represented in the experimental
diffraction pattern. Considering these complex motifs would make the DFT calculations
impractical and no predictions are able to be made on their FTIR spectra, XRD patterns or
electronic properties.

4.1.4. Morphological Characterization
All films of blends were casted again on glass microscope slides as per Section 2.3 while dried
powders were placed in a clean sample holder and analyzed on a Bruker D2 Phaser. The stacked
XRD patterns are plotted in Figure 4.10 showing changes as p(DMTSub) weight percent increases
from bottom to top, resulting in an amorphous nature of all blends in varying extent by showing a
hump in the spectra. Except pure polymer, where we can see crystalline[95] and more defined
pattern of the XRD, whereas, all the blends were highly amorphous[101,102] in nature. It is to be
noted that their pattern of hump cannot be overlapped and each time they are changing their
internal orientation to some extent, which also suggest a highly amorphous feature. Therefore, it
can be inferred that having p(DMTDMG) on p(DMTSub) system could disrupt the chain packing
and could lead us to have amorphous film, which is beneficial for high field electrical
characterization.
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Figure 4.10. Film XRD for blends

Homopolymer p(DMTSub) film was found to be crystalline in nature and confirmed by the
absence of an amorphous region in the XRD pattern. The Figure 4.11 showed the real time
appearance of the film on glass substrate after drying. No visible crystal formation was observed
on any film except around the edges on BP50.

Figure 4.11. Films of different blend ratios on glass substrate.
98

To further investigate the morphological dependence of these systems, 3,3-dimethylglutaratic acid
was copolymerized with suberic acid to disrupt the chain packing and provide a different
amorphous nature to compare with the blends.

Figure 4.13. XRD of powdered samples of copolymers (left) and film samples of copolymers
(right)

By providing a random distribution of the different diacids throughout the film, an increase in
relative permittivity and breakdown strength is expected to occur.58 Low ratios of suberic acid
content in copolymers were also seen to be amorphous under visual inspection and confirmed in
the XRD with a broad peak at low angles shown in Figure 4.13 (right). As the ratio increased to
40% of suberic acid and above, films became opaque and were shown to have sharp peaks
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characteristic of a crystalline structure. The peaks became increasingly similar to that of a
p(DMTSub) homopolymer, which was the same for both powder and film. This showed a
decreasing effect in the ability of 3,3-dimethylglutaric acid to disrupt chain packing as the
concentration of it decreases in the overall copolymer composition. It is interesting to note that the
film property and the power property of the same polymer system is significantly different which
is evident by the XRD pattern shown in the Figure 4.13. The left side stacked spectra is from
powdered sample where we still could see the crystalline nature in all systems. On the other hand
films showed crystallinity only on high ratios of suberic acid moiety. The possible reason could
be the use of highly polar m-cresol solvent, which disrupted the regular pattern of the polar
polymers and imparted more randomness inside the film.

The FTIR spectra was collected for all of the copolymers and analyzed in a similar manner to the
homopolymers. The spectral analysis confirmed the presence of the three different motifs for the
metal carboxylate bonds. All copolymers were also tested for their onset of degradation via TGA
and any thermal transitions via DSC with the procedure described in Section 2.4. Degradation
occurred around 250 ºC for all copolymers, displaying no thermal transitions in the region before
degradation. All FTIR, TGA, and DSC plots are enclosed in the supporting information.

4.1.5. Dielectric Spectroscopy
Dielectric spectroscopy was carried out for all the blend and copolymer films. The results for
dielectric constant for the blends (a) and copolymers (b) as a function of frequency are plotted in
Figure 4.14 and Figure 4.15, along with p(DMTDMG) and p(DMTSub) for comparison. Dielectric
spectroscopy results in Figure 4.14 showed the effect of blending homopolymers on improving the
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dielectric constant of the overall film. BP50 showed the lowest dielectric constant of 5.1 at 10 kHz.
Decreasing the concentration of p(DMTSub) to 40%, BP40, brought the dielectric constant up to
5.7, which is similar to the value for pure p(DMTSub). Further decreasing to 30% of p(DMTSub),
BP30, brought the dielectric constant to 6.2, which is in the same range as the dielectric constant
of p(DMTDMG) at 6.3. Subsequent decrease of p(DMTSub) content in the blend brought the
dielectric constant higher than the homopolymers to a value of 6.8 for BP10 and 6.6 for BP20 at
10 kHz. The loss values around 10 kHz are shown in Table 4.1. and all below 1% for the blends,
which is acceptable for many energy storage applications. The blends had slightly higher loss at
high frequency regions compared to the homopolymer p(DMTsub). It was interesting to note that
loss in homopolymer p(DMTDMG) was the highest at higher frequency regions. By incorporation
of p(DMTSub) loss was also getting lower. From this observation one can argued that the presence
of amorphous regions in the polymer film can impart more loss than defined crystalline regions,
especially in higher frequency regions.

Figure 4.14. Dielectric Constant (K) and dielectric loss (tanδ) of blends and corresponding
homopolymers as a function of frequency.
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Figure 4.15. Dielectric Constant (K) and dielectric loss (tanδ) of copolymers and corresponding
homopolymers as a function of frequency.
The dielectric constants for copolymers, as seen in Figure 4.15, were shown to increase as the
amount of suberic acid was decreased and replaced with 3,3-dimethylglutaric acid, which could
be correlated with a decrease in crystallinity. The two highest dielectric constants were found to
be for CP10 at 6.7 and CP20 at 6.6 at 10 kHz. The loss values of copolymer films were slightly
higher than the films of blends as seen in Table 4.1., still, all copolymers had less than 2% loss
with the highest value for CP50 at 1.8% and the lowest being CP20 at 1% loss. Similar pattern in
loss was also observed in case of copolymer systems such as by increasing the suberic acid moiety,
loss was also decreasing. The lowest loss was noticed for the 50% suberic acid content at higher
frequency regions. However, in the lower frequency regions it showed opposite trend. Therefore,
nature of the copolymers and blends in response to electric filed was also different. Moreover, it
can be assumed that conductivity of the homopolymers would be also lower compared to
copolymers as copolymers showed the decreasing trend on their loss, whereas, copolymers showed
the increasing trend with higher content of suberic acid.
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Table 4.1. Dielectric constant and loss values taken at 10 kHz for tin polyesters and their band
gaps. Density Functional Theory (DFT) results shown in (parenthesis) are material predictions,
calculated from the average of the three structural motifs labeled as inter, intra, and hybrid.
Polymer

p(DMTSub)

p(DMTDMG)

BP10

BP20

BP30

BP40

BP50

CP10

CP20

CP30

CP40

CP50

Dielectric
Constant
(10 kHz)
Loss (10
kHz)
Band gap
(eV)

5.6 (5.5)

6.3 (5.3)

6.8

6.6

6.2

5.7

5.1

6.7

6.6

6.4

6.0

5.9

1.7

1.2

0.9

0.8

0.7

0.9

0.5

1.8

1.0

1.0

1.4

1.8

6.2 (6.7)

4.8 (5.9)

4.8

4.8

4.8

4.8

4.8

4.8

4.9

4.9

4.9

4.9

4.1.6. Band Gap and Breakdown Measurement
Insulating polymers exceed their breakdown field when electrons from the valence band are
promoted to the conduction band to an extent that creates an electron avalanche.59 The energy gap
between the valence band and conduction band, or band gap, can be used as an indicator for
intrinsic breakdown strength; a larger band gap would allow a higher field before breakdown.60 As
previously reported, the band gap of p(DMTSub) homopolymer was the largest among aliphatic
p(dimethyltin esters) at 6.5 eV and the band gap of p(DMTDMG) was experimentally determined
to be at 4.8 eV.40 The calculated value for p(DMTSub) band gap shows close agreement with
experiments compared to p(DMTDMG) as seen in Table 4.1, where the predicted values from
DFT are shown in (parenthesis). This result is expected as p(DMTSub), which is more crystalline
than p(DMTDMG), closely resembles the morphology used for band gap calculations. Band gap
measurement was taken by scanning the UV-visible spectrum from 800-200 nm and measuring
the wavelength of absorption onset and shown in Figure 4.17. As determined by UV absorption,
the band gaps of polymer blends corresponded to the lowest band gap component, p(DMTDMG),
which has a band gap of 4.8 eV. This value is above the criteria previously set forth, i.e., that a
band gap greater than 3 eV would lead to high breakdown strengths.22 Similarly, all of the
copolymers studied were found to have a band gap close to p(DMTDMG) and are between 4.8 eV
and 4.9 eV.
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Figure 4.17. UV-visible spectroscopy for band gap determination.

A band gap of ca. 5 eV should give a high intrinsic breakdown, however, experimental issues such
as impurities arising from trapped solvent and structural defects due to them may lower the
measured breakdown.61 More importantly, 3,3-dimethylglutaric acid has proven essential to
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allowing tin polyester films to be made with sufficient quality that such measurements can be
taken.

4.1.7. Polarization Test
The first D-E hysteresis loops reported for tin polyester polymers was performed on p(DMTGlu)39
which was blended with 80% by weight p(DMTDMG) to give a suitable film for analysis.39 A DE loop was also reported for BP20.40 To give a direct comparison between the previously studied
blends, we reported the D-E hysteresis loop for the copolymer system, CP20, as shown in Figure
4. The films were prepared as described by Baldwin et al. where a 0.07 cm2 section of the film was
metalized by sputtering an Au/Pd (80/20 w.t.%) electrode.39 Breakdown for CP20 was observed
at ca. 500 MV/m with a maximum energy density of ca. 6 J/cc. This is an increase over BP20
which was found to have breakdown ca. 300 MV/m with an energy density of ca. 4 J/cc and the
p(DMTGlu) blend which had a breakdown of ca. 400 MV/m and an energy density of ca. 4 J/cc.39,40
The efficiency remained above 90% until the electric field reached the limit of the material, 500
MV/m, after which the efficiency dropped to 85%. The improved breakdown and energy density
measurements for the copolymer over the blends are attributed to improved film formation and
uniformity. For polar polymers, it has been proposed that random dipoles in the amorphous region
contribute electron-dipole scattering to prevent dielectric breakdown by stabilizing electron
energy.58 Blends have the ability to phase separate into small domains but the copolymers force
the bulky 3,3-dimethyl group in close proximity to the suberate group to suppress crystallinity.
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Figure 4.18. D−E hysteresis loop for CP20 along with an inset showing the corresponding total
energy density and efficiency plot.

4.1.8. Conclusion
In summary, in keeping with the emerging co-design concept in which computational and
experimental work are synergistically employed, we have shown how computational guidance by
DFT enabled the selection of a complimentary polymer, p(DMTDMG), which allowed high field
characterization of previously studied aliphatic tin polyesters through blending and
copolymerization. By introducing the 3,3-dimethylglutarate unit into poly(dimethyltin esters), the
degradation of film quality of film quality due to crystallinity has been reduced while the dielectric
constant and energy density has been improved. This goes against the trend for nonpolar polymers,
most notably BOPP, where biaxially stretching to increase crystallinity also increases the
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breakdown field to ca. 700 MV/m. Through further use of DFT calculations, the homopolymers,
p(DMTSub) and p(DMTDMG), were studied in depth with predicted IR, XRD, band gaps, and
dielectric constants closely matching experimental results. Films made from the blend BP20 and
copolymer CP20 both showed high K values of 6.6 and loss ca. 1%. Copolymerization was found
to be better suited than blending for energy storage as the energy density of CP20 was calculated
at ca. 6 J/cc compared to 4 J/cc for BP20. The insights from this research will help to improve the
feasibility of poly(dimethyltin esters) for use as a next generation polymer dielectric.

------------------
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4.2. Sn-polyester/Polyimide Multi-Component Hybrid as
Flexible Free-Standing Film

4.2.1 Introduction
With the emerging technological advancement in the area of high energy electronics, the need for
an effective dielectric medium for capacitive energy storage with properties such as high dielectric
constant, high breakdown strength, high energy density and low loss during polarization and
depolarization cycles has become increasingly important in recent years.[103–108] However,
many challenges currently face the field of high dielectric materials including improving the
dielectric constant of the material while having a free-standing film with uniform film quality. It
is a great need to produce a free-standing film with simultaneously having all the requirement
without sacrificing one over another hugely.[108–110] Practical applicability would become
limited if the polymer cannot be processed. Moreover, there is a compromise on the dielectric
constant to reach a high band gap energy. Most of the current dielectrics for capacitor application
is based on organic thin film. Thin film dielectric materials with high dielectric constant and high
energy density is especially important for pulsed power application. There is always a limitation
of using organic films as dielectric due to their low dielectric constant and low operational
temperature. Steps have been taken to improve the dielectric constant by introducing nano-fillers
like metal oxides.[111–116] The major drawback using nanocomposite is its high dielectric loss,
which restricts their efficiency. The current market standard which is said to be the state of the art
organic polymer film, biaxial oriented polypropylene (BOPP), is useful as a capacitor dielectric
for its ultra-low dielectric loss (~ 0.005), moderate energy density of ~5 J/cc at a dielectric
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breakdown of ~730 MV/m. However, low dielectric constant (~2.5) and low operation temperature
(85 °C) of BOPP limits its use for power electronic applications such as electric vehicles and
pulsed power applications. Recently, polyimides containing hybrid materials, are of great interest
and received extensive consideration due to their improved electrical properties.[117–119] Various
processes are reported for hybrid film formation such as blending, sol-gel route, intercalation
approach, or an in-situ technique.

Organic polyimides (PI) historically have shown excellent film formation ability with moderate
dielectric constants, typically around 3. PI is also well-known for its high temperature resistance,
chemical stability, and excellent mechanical and insulation performances, which bestow PI with
potential applications in electrical fields and has been commercially successful as Kapton. Another
polyimide with a rigid dianhydride as 3,3’,4,4’-benzophenonetetracarboxylic dianhydride(BTDA)
moiety and flexible diamine linker 1,6-hexadiamine (HDA) was synthesized previously in our
research group with the aid of the rational co-design process. p(BTDA-HDA) was shown to have
excellent film forming abilities with a dielectric constant of 3.5 with dielectric loss of 1% at 1 kHz
and a DC breakdown strength of ~800 MV/m with a potential energy density of 9.9 J/cc.

Organic polymers containing metal atoms in the backbone have been newly developed as
dielectric materials. Such polymers have been extensively studied in our group, for example, tin
complexation system were synthesized with the aid of rational co-design process.[69] After
thorough structural and electrical experimentation and design it has been found that the newly
developed organometallic tin polyesters systems exhibit high dielectric constants (~6.1-6.8) and
have excellent agreement with the computational predictions.[80] Among various tin-polyester
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systems, it was found that poly(dimethyltin glutarate) p(DMTGlu)[91] and poly(dimethyltin-3,3dimethyl glutarate) p(DMTDMG)[84] have high dielectric constants ~6.1 and ~6.3, respectively.
One of the newly developed organometallic polymers, p(DMTGlu), has three aliphatic methylene
spacers in its carboxylate moiety; whereas, p(DMTDMG) has branched aliphatic linkers with two
additional methyl groups attached to the central carbon in the carboxylate moiety, which makes it
more amorphous in nature compared to the unbranched p(DMTGlu). p(DMTGlu) forms fractal
crystal patterns upon drying, resulting in a brittle film on a metal shim stock, ultimately leading to
low breakdown strength. The two additional methyl groups in p(DMTDMG) play a significant
role in order to prevent aggregation in polymer matrix when blended with a second Sn-polyester
system due to the ability of p(DMTDMG) to disrupt the chain packing.[91] The 20/80 (wt%/wt%)
blend of p(DMTGlu) and p(DMTDMG) was made and a clear film was obtained with suppressed
crystallinity and better adhesion to the metal substrate. However, there are still difficulties in
processing them as free-standing films. Charge-discharge behavior of the blend was determined
through D–E hysteresis loops and achieved a stability of 380 ± 38 MV/m with the highest
breakdown occurring at ~ 400 MV/m. The total energy density at the maximum field is ~ 4 J/cm 3
with a corresponding energy loss of ~ 0.6 J/cm3 resulting in an efficiency of 84%. This loss was
attributed to the conduction loss and not due to ferroelectricity like a nanocomposite.

4.2.1. Synthesis of Polymers
Polyimide p(BTDAHDA): This synthetic step was adopted from the work of my previous coworker Rui Ma et.al. to reproduce the polyimide with same properties. To a dry 100 ml 3-neck
flask 1.162 g (10 mmol) of 1,6- diaminohexane (HDA), and 20 ml dry NMP were added under
nitrogen with stirring. After well stirred for 30 min, 3.221 g (10 mmol) of 3,3’,4,4’-benzophenone
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tetracarboxylic dianhydride (BTDA) were added. The reaction was carried out at room temperature
for 6 h, followed by imidization at 170-180 oC for 6 h. After cooling to room temperature, the
mixture was poured into 150 mL of methanol, filtered and washed with methanol several times,
and dried in vacuo at 100 °C overnight. Light yellow solid was obtained in 91 % yield (3.278 g).
FTIR (cm-1): 2975, 2873, 1769, 1713, 1664, 1456, 1425, 1243, 1097, 1041, 724.

Figure.4.2.1. Synthetic steps of homopolymer polyimide p(BTDA-HDA).

Poly(dimethyltin glutarate)

p(DMTGlu): This synthetic route was reproduced from the

previous work of my co-worker Aaron Baldwin et.al. Into a round bottom flask equipped with a
magnetic stir bar is added 1.453g (0.011mol) of glutaric acid, 0.920g (0.023 mol) NaOH and 20
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mL of H2O. To an Erlenmeyer flask is added 1.977g (0.009 mmol) of dimethyltin dichloride and
18 mL of THF. The dimethyltin dichloride solution is then added to the rapidly stirred diacid
solution. After stirring for a minute the reaction solution is quenched with aqueous NH4Cl, the
solid is then filtered, washed with 100 mL portions of THF and H2O and dried in vacuo at 100 ºC
overnight to yield poly(dimethyltin glutarate) (1.571g, 70%).
1

H NMR (500 MHz, acetic acid-d4, δ ppm): 0.979 (s, 6H), 1.934 (quintet, J = 7.5 Hz 2H), 2.456

(t, J = 7.5 Hz, 4H) IR (KBr, cm-1): 3434, 2920, 1673, 1655, 1632, 1563, 1406, 1378, 1350, 1294,
1244, 1192, 792, 645, 581, 527, 503. DSC (1st Heating 40 ºC min-1 , Cooling 40 ºC min-1 , 2nd
Heating 10 ºC min-1 ): Tc = 119 ºC TGA (10 oC min-1 ): 235 ºC.[91]

Figure 4.2.2. Synthetic route of p(DMTGlu) and p(DMTDMG) homopolymers

Poly(dimethyltin 3,3-dimethylglutarate) (p(DMTDMG)): Into a round bottom flask equipped
with a magnetic stir bar was added 2.4747g (0.0155 mol) of 3,3-dimethylglutaric acid, 1.4224g
(0.0356 mol) of sodium hydroxide and 20 mL of deionized water. To an Erlenmeyer flask was
added 3.3694g (0.0153 mol) of dimethyltin dichloride and 20 mL of THF. The dimethyltin
dichloride solution was then added to the rapidly stirred diacid solution. After stirring for 1 hour
the reaction solution precipitated out the solid which was then filtered, washed with 50 mL portions
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of 50/50 mixture of THF and H2O and dried in vacuo at 100 °C to yield p(DMTDMG) of 3.4982g
(76%). FTIR (ATR cm-1): ν = 3440 (vs; OH), 2960 (s), 2920 (vs; CH), 1672 (s), 1635 (vs;
νas(C=O)), 1618 (s), 1560 (vs), 1471 (m), 1408 (s), 1365 (vs), 1258 (s), 1179 (s), 1111 (w), 793
(s), 752 (m), 637 (s), 602 (w), 573 (m), 525 (m), 500 (m); TGA (10 oC min-1): N2 (onset): 260 oC

4.2.2. Film Processing
Herein, we produced a free-standing hybrid film of PI with Sn polyester having the micro-phased
distribution of polar Sn-polyester systems in the polar PI substrate. PI/Sn-polyester hybrid films
were made by blending of a polyimide p(BTDA-HDA) with the organometallic tin polyesters poly
(dimethyltin glutarate) p(DMTGlu) and poly (dimethyltin 3,3-dimethylglutarate) p(DMTDMG).
An optimum condition for making processable films was obtained for polymer film capacitor
applications by varying the blend ratios of the tin polyester from 10% to 90% wt/wt p(BTDAHDA) is a semi-crystalline polymer with limited solubility only in m-cresol, like the Sn-polyester
systems. 10 wt% solutions of hybrid in m-cresol solvent were made for casting as a film. The goal
was to load the Sn-polyester in the PI substrate to achieve maximum dielectric constant without
sacrificing the loss factor while maintaining high film quality. Large-scale films were able to
achieve by solution casting on glass substrates using an Erichsen Doctor Blade film coater with
250 µm film applicator with a speed of 3 mm/sec maintaining an initial temperature of 60 °C. The
films were then dried via conductive heat sources in real time environment at each temperature of
60, 70, 80, 90 and 100 °C for 1 hour and then at 110 °C for 12 hours. Films were then dried under
vacuum at 110 °C for 1 day to ensure removal of solvent. After complete drying, films were peeled
off as free-standing films of ~10 µm thickness, representative of actual capacitor film thickness.
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Films were then tested for dielectric spectroscopy as well as thermal and morphological
characterization.

Figure 4.2.3. Processing steps of Sn-polyester/polyimide hybrid film formation.

4.2.3. Thermal Stabilities
The thermal stability of the films was examined by TGA (Figure 4.2.4.) isothermally under a
nitrogen atmosphere. The films were hold at 100, 150 and 200 °C for 2h each with a ramp rate of
10 °C/min. The onset decomposition temperature of the films was more than 240 °C. The 5%
weight loss temperature (T5%) of the pure PI polymer (p(BTDA-HDA)) was about 150 °C, while
the HB2 showed clear improvement with a high T5% decomposition temperature of 200 °C.
However, HB1 has lower T5% (100 °C) compared to HB2 and PI itself. The glass transition
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temperature (Tg) of the HB2 (~141 °C) was also higher than HB1 (~ 119 °C) shown in the Figure
4.2.6.

Figure 4.2.4. Thermo-gravimetric study of PI (p(BTDAHDA)) and p(DMTGlu)60p(BTDAHDA)40 and p(DMTDMG)60-p(BTDAHDA)40 hybrids

Figure 4.2.5. Thermal stability confirmation with WXRD showing for PI and HB2
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These Tg values are much higher than the commercial polymer BOPP (~ 85 °C) and it can be
beneficial for many dielectric applications at elevated temperatures. It is to be noted that Tg for PI
homopolymer is ~148 °C. HB2 can be a potential candidate for high temperature thin film
capacitor dielectric. To further drive its candidature, HB2 was annealed at elevated temperature to
check if there were any morphological changes that had taken place. No changes had been
observed which was evident by the wide angle 2D X-Ray diffraction pattern shown in Figure 4.2.6,
indicating the morphological stability of this film for up to 200 °C.

Figure 4.2.6. Differential Scanning Calorimetric study for HB1 and HB2.
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4.2.4. Morphological and Structural Features
Scanning electron microscopy has been performed on both films shown in the Figure 4.2.7. It
shows the microstructure of the hybrid films where PI acts as if a matrix or, substrate as a
continuous phase. p(DMTDMG) is dispersed almost homogeneously on the PI substrate in HB2.
The lack of high crystallinity in p(DMTDMG) helped the system to be homogeneously distributed
on the PI substrate. It is also evident in the elemental mapping in Fig.4.2.7(B) where the green dots
represent the tin-oxygen ratio and the black dots represent the carbon-oxygen, showing the
distribution of Sn particle in the PI substrate.

Figure 4.2.7. Morphological features via SEM images (A) for HB1 and (C) for HB2 and elemental
mapping (B) for HB1 and (D) for HB2.
For HB1, micro-phase separation occurred for the Sn-polyester on the PI substrate due to the
crystalline nature of p(DMTGlu), resulted in large coagulation of Sn-polyester.
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Films also exhibited a weak dipole-dipole interaction between the polar polyme rs due to the
presence of electron rich imide bonds and electropositive Sn atom from Sn-O linkages evident in
normalized FTIR spectra in Figure 4.2.8. The reduction of imide stretching at 1704 cm-1 occurred
in both HB1 (A) and HB2 (B). The asymmetric stretching of CO bond at 1567 cm-1 in p(DMTGlu)
and 1614 cm-1 for p(DMTDMG), also reduced in HB1 and HB2 due to the weak interaction
between the chains.

Figure 4.2.8. FTIR spectra of HB1 in (A) and HB2 in (B) with their corresponding Snhomopolymers and PI showing the interaction of polar CO group stretching.

4.2.5. Dielectric Spectroscopy
Dielectric properties were tested including dielectric constant (k), energy loss (tan δ) as a function
of frequency and temperature, optical band gap energies, and DC breakdown strength. Frequencydependent capacitance and dissipation factors (tan δ) were measured for the films sweeping from
20 Hz to 1 MHz, sandwiched in between two silicone electrodes in a nitrogen atmosphere starting
from a low temperature of -30 °C up to as high as 150 °C. Sn-polyester/PI hybrid flexible thin
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films with tunable dielectric constant were obtained by varying the concentration of Sn-polyester
moiety. By increasing the Sn-polyester load, the dielectric constant also increases (Figure 4.2.9.).
The trend in the dielectric constant (k) and dissipation factor (tan δ) at 1kHz in room temperature
showed in the Figure 4.2.9. for both hybrid systems. They exhibited similar trends in their electrical
properties. The dielectric constants for the hybrid system lie between the edges of two
homopolymers and increases by the incorporation of polar Sn-polyester, and hence increases the
ionic polarization. However, the higher loss can be attributed to the incorporation of Snhomopolymers due to the increased interface region.

Figure 4.2.9. Dielectric constant and dissipation factor at 1kHz as a function of different
compositions of hybrid p(DMTGlu) in (A) and p(DMTDMG) in (B).

The maximum concentration of Sn-polyester can be loaded as 60% wt/wt for having a semitransparent free-standing film. In Figure 4.2.10. it was evident for both the hybrids with 60% wt/wt
Sn-polyester load on the PI substrate that the dielectric constant increased with temperature and
after 30 °C it started decreasing with increasing temperature. This trend was more pronounced in
p(DMTDMG) system.

119

Figure 4.2.10. Dielectric spectroscopy and dissipation factor as a function of frequency for
different hybrid of p(DMTGlu) in (A) and p(DMTDMG) in (B).

Dielectric response result from different polarization mechanisms such as electronic, ionic,
orientational, and interfacial.[11,120,121] At very low temperatures the dipolar polarization
(orientational) cannot dominant enough to polarize completely to influence its property. By
increasing the temperature, dipolar polarization increases and can improve its polarization
response and hence increase the dielectric constant. At a much higher temperature, it might show
an opposite effect due to an increase in conduction loss. Interfacial polarization, a typical
characteristic of hybrid, also observed for the dielectric response in HB1 and HB2.[120,122–125]
Such interfacial polarization can be further controlled and optimized through the interface
engineering between the Sn-polyester and PI domains.

An average dielectric constant of 6.2 ± 0.29 was found for HB2, whereas for HB1 it was 5.5 ±
0.45 at 30 °C with low frequency dispersion, which is indicative of a fast polarization response.
Even at 150 °C, the dielectric constant remains above 4.5 for HB1 and 6.2 for HB2, higher than
the PI (~3.5) substrate and BOPP (~2.5). Moreover, overall loss for the HB2 is lower compared to
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HB1. The incorporation of two additional methyl groups in the 3-position of the glutarate moiety
as branches in the polymer of p(DMTDMG) effects the electrical properties due to the free volume
and steric hindrance. The bulky methyl groups hinder the chain packing and orient more randomly
inside the chain. Dielectric loss factor remains low (~0.02-0.04) throughout the frequency range
tested. The peak in loss factor at 1 kHz can be attributed to the increased mobility of the chain
segment which shifted slightly towards higher frequency with increased temperature. Generally,
with an increase in temperature, the dielectric loss also increases due to the increased bulk
conduction loss and free electron injected from the electrode. In contrast to that for hybrid system,
interfacial polarization plays a role in controlling the conduction loss by making a trap and reduce
the electronic conductivity.[123],[126]

Interfacial polarization contributes slightly to the dielectric loss peaks especially at low frequency
regions. [123,125,127] Further interface engineering is being studied by our collaborative groups
to optimize the intensity or frequency shift of such interfacial polarization. In Table 1, electrical
properties are listed for the two hybrids, organic and, organometallic homopolymers synthesized
in our group previously along with commercial BOPP, which is a current benchmark in the
capacitor industry.
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Figure 4.2.11. 3D dielectric spectroscopy (A) and (C) and dissipation factor (B) and (D) as a
function of frequency and temperature for HB1 and HB2.

4.2.6. Band Gap Measurement
For an insulating material, their dielectric breakdown depends on many factors, including intrinsic
factors (composition of the system, underlying chemistry of the materials, bonding etc.) as well
as extrinsic factors such as impurities or defects.[128] Hence, intrinsic breakdown field provides
an indication of the upper bound to the engineering breakdown. [11] For a defect free and pure
dielectric material, band gap energy can be a proxy indication for the intrinsic dielectric breakdown
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voltage.[11,128,129] At breakdown fields, electrons from the valence band transfer to the
conduction band, hence producing an impact ionization to behave as a conductor instead.

Figure 4.2.12. Band gap measurement of HB1 and HB2 from the onset of excitation wavelength
of UV-Vis spectroscopy.

This can be measured by the onset of wavelengths of absorption from the UV-vis
spectrum.[129],[130–133] Therefore, experimental optical band gap energies were measured by
scanning the UV-visible spectrum from 750-190 nm and measuring the wavelength ( λo) at the
onset of interband optical absorption shown in Figure 4.2.12. Band gap energies were found to be
3.25 eV and 5.32 eV for HB1 and HB2, respectively; using Planck’s equation, Eg = hc/λo; where,
h is the Planck’s constant (4.136 x 10-15 eV.s), c is the speed of light in a vacuum (2.998 x 1017).
The branched Sn-polyester in HB2 might result in more free volume compared to the linear Snpolyester in HB1, which hinders the dipole-dipole interaction and reducing the charge carrier
mobility, resulting in a wider band gap for HB2. Band gap energy of HB2 was even higher than
the previously synthesized organic and organometallic homopolymers listed in Table 4.2.1.
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Table 4.2.1. Dielectric constant, loss and band gap energy of commercial standard BOPP along
with synthesized homopolymers and hybrids
Polymer

Dielectric Constant (k)

tan δ

BOPP
HB1
HB2
p(DMTGlu)[91]
p(DMTDMG)[84]
p(BTDAHDA)[54]

2.2*
5.5 ± 0.45
6.2 ± 0.29
6.1 ± 1.90
6.4 ± 0.168
3.4 ± 0.044

0.005*
0.034 ± 0.023
0.021 ± 0.011
0.074 ± 0.136
0.015 ± 0.005
0.008 ± 0.003

Band Gap Energy
(eV)
7.0*
3.5
5.3
4.7
4.8
3.4

4.2.7. DC Breakdown Measurement
The breakdown of polymer films, at which it starts to behave as a conductor, practically depends
largely on extrinsic factors as well such as mechanical or chemical defects, which adds impurity
states in the band gap.[11] Additionally, many other factors such as surface morphology,
roughness and dust particles play important roles in decreasing the breakdown voltage. Due to
these, actual dielectric breakdown field of polymer films is always complicated to estimate. The
Engineering DC breakdown was measured for HB1 and HB2 for 20 samples, in silicone oil using
ball bearing electrodes. Weibull characteristic breakdown field is found from the function F(x),
where, x is the electric field, β is the shape parameter that measures how much variation there is
in the data, c is the threshold field as the lower limit of breakdown and η is the scale or Weibull
characteristic breakdown field where there is a 63.2 % probability of failure occur.
𝑥−𝑐 𝛽
𝐹(𝑥) = 1 − 𝑒𝑥𝑝 [− (
) ] 𝑓𝑜𝑟 𝑥 ≥ 0
{
𝜂
𝐹(𝑥) = 0
𝑓𝑜𝑟 𝑥 < 0
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Figure 4.2.13. DC breakdown voltage for HB1 (left) and HB2 (right).

For HB1 the engineering DC breakdown voltage at which 63% of the samples had broken down
was 335 MV/m and for HB2 was 464 MV/m. For a linear dielectric, the energy storage is
proportional to the square of the electric field E, i.e., U= 0.5kε0E2, where (ε0 = 8.85 × 10-12 F/m) is
the vacuum dielectric permittivity and k is the dielectric constant. Hence, the energy density
calculated at nearly DC breakdown field could be as high as 2.8 J/cm3 for HB1 and 5.9 J/cm3 for
HB2.

Table 4.2.2. DC and AC breakdown voltage along with energy density at their highest breakdown
voltage of BOPP, synthesized homopolymers and hybrids.
Polymer

DC Breakdown Voltage
(MV/m)

AC Breakdown Voltage
(MV/m)

BOPP
689#
619#
HB1
335
305
HB2
464
406
p(DMTGlu)[91]
N/A
N/A
p(DMTDMG)[84]
N/A
N/A
p(BTDA812
N/A
HDA)[54]
Energy density from DE-loop is in parenthesis for HB1 and HB2.
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Energy Density
(J/cm3)
5.0*
2.8 (3.0)
5.9 (6.4)
N/A
N/A
9.8

4.2.7. D-E- Hysteresis Loop for AC Breakdown
AC breakdown voltage is determined by the charge-discharge (D-E) hysteresis loop for the two
hybrid HB1 and HB2 and shown in the figure with their corresponding efficiency in the inset. Both
of them have close resemblance to the measured DC breakdown voltage with slight discrepancies.
The film quality, smoothness is the key factor in determining the actual breakdown voltage. To
have reproducibility of the data is sometimes difficult due to these factors. Half wave sinusoidal
pulses have been applied in 3mm area of interest until the sample broke down. HB2 showed 81%
efficiency to withstand the applied high voltage up to 304 MV/m and then gradually decreases and
broke down at 406 MV/m voltage with efficiency up to 76%.

Figure 4.2.14. Charge-discharge (displacement-Electric field) hysteresis loop for HB1 and Hb2
system showing their efficiency in the inset.

On the other hand, HB1 showed lower breakdown voltage and broke down at 305MV/m with 79%
efficiency, which is anticipated due to their in homogeneous micro phase separation in the film
morphology which restricts their uniformity. Energy density found for these systems were slightly
higher 3.0 and 6.4 J/cm3 for HB1 and HB2, respectively; than the energy density calculated from
the DC breakdown voltage.
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4.2.8. Conductivity Measurement
The log-log plot in the Figure showed the estimation of the conductivity based on the dielectric
loss factors as determined by TDDS. Conductivity is estimated by using the equation tan δ =
σ/2πfԑԑₒ; where σ stands for the conductivity, f is corresponding frequency in Hz, k is the measured
dielectric constant and ԑₒ is the vacuum permittivity (~ 8.85x10-12 F/m).

Figure 4.2.15. Conductivity of HB1 and HB2 showing the upper bound trend

In the frequency range tested, there is no clear indication of the onset of DC conduction loss, which
typically appears at lower frequency regions. So, it is a good indication to understand the DC
conduction loss by looking at the dielectric loss at frequency range below 102 Hz. The conductivity
is plotted as a function of frequency in the Figure 4.2.15. The upper bound of the conductivity for
both hybrid systems found to be ~10-10 Sm-1, which is acceptable as a dielectric material for the
practical application. As we have not observed the DC conduction plateau (towards 0 Hz), instead
we found a trend of getting it lower towards the lower frequency regions, therefore, the true DC
conduction could be much lower.
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4.2.9. Dynamic Mechanical Analysis
The sample was subjected to DMA controlled force mode in a tension film clamp isothermally at
25 °C with a force ramp rate of 0.5 N/min and 4 min soak time. The results are shown in the Figure
4.2.16.

Figure 4.2.16. Stress-strain curve of the hybrid films and PI film.
The hybrid films were found to withstand engineering strain up to ~20 MPa for HB2 and ~10 MP
for HB1, which is exactly half of the stress level. Additionally, HB2 showed better resistant to
rupture below 20MPa with an elongation of up to 6%. Proportional limit stress of the HB2 is higher
than HB1. After proportional limit nonlinearity observed which is usually associated with stressinduced flow in the sample. Here the material is undergoing a rearrangement of its internal
molecular or microscopic structure, in which atoms are being moved to new equilibrium positions.
This flow requires a mechanism for molecular mobility, which in crystalline materials can arise
from dislocation motion. Materials lacking this mobility, for instance by having internal
microstructures that block dislocation motion, are usually brittle rather than ductile. The stress128

strain curve for brittle materials are typically linear over their full range of strain, eventually
terminating in fracture without appreciable flow. So, the materials here were appreciable ductile
rather than brittle. Interestingly, HB2 found to have more ductile than the PI itself. However, stress
linearity is also higher for PI.

4.2.9. Conclusion
In summary, hybrid free standing films of polyimide with tin-polyester with tunable dielectric
constants upon the addition of tin polyester have been developed. The maximum achievable
dielectric constant for both p(DMTGlu)/PI and p(DMTDMG)/PI flexible hybrid free-standing
films have 60% load of tin-polyester and their dielectric values ranging from ca. 5.5-6.2, close to
that of the tin homopolymers. These values show clear improvement over polyimide p(BTDAHDA) having a dielectric constant of ca. 3.5. These films maintain an overall low dielectric loss
with minimum frequency dispersion. Among different organic-organometallic composition of
hybrid systems, the blend of 60% p(DMTDMG) with 40% polyimide stand out by their
morphological and electrical properties showing a breakdown voltage of 464 MV/m, with a
maximum energy density of 5.9 J/cm3. Moreover, band gap energy of this hybrid system is even
higher than polyimide and tin homopolymers, having an indication of improved intrinsic
breakdown.

___________________
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4.3. Sn-Polyamic Acid System: A New Route to Dielectric
through Complexation

4.3.1. Introduction
Incorporating Sn-homopolymers into the polyimide substrate had led us to have improved
electrical properties as a hybrid system, is which discussed in section 4.2. Scientists have been
trying to improve the electrical properties such as dielectric constant, breakdown strength, energy
density while having a low loss in a polymer film with free standing ability. Most market standard
polymer dielectrics have a low dielectric constant in the range of 2-4, which greatly impedes their
use for high-k applications. In order to achieve high dielectric constant, polymer composites have
come forward by adding inorganic fillers in the organic matrix. Although dielectric constant
increases, it significantly decreases the breakdown strength and increases the dielectric loss due to
their micro phase separation and poor dispersion.[134,135] The search for newly developed
material with easy process-ability have come under increasing scrutiny in recent years because of
their potential application not only in capacitor fields but also in the field of resonators, filters in
microwave communication systems. Surprisingly, only limited number of materials have been
developed to meet the stringent property requirements. In addition, while there have been a vast
number of studies on pure inorganic compounds, organic compounds or composites, examples on
hybrid inorganic-organic coordination polymers with advantageous properties of both inorganic
and organic compounds as dielectric materials have remained sparse. The new route of developing
dielectric material is crucial and challenging since it has to meet the electrical component
properties without sacrificing one over another hugely. One new route is reported by Xinwen et.
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al. with polyimide-Yb complex, where Yb is complexed with rigid polyimide through Yb-N
bond.[136] Similar strategy was applied with Cu as Cu-PI complex through the Cu-N bond.[137]
These systems showed promising dielectric constant but breakdown voltage and energy density
were not reported. In these works, metal-complexes were made by bipyridine-containing diamine
monomer,

5,50-bis

[(4-amino)

phenoxy]-2,20-bipyridine

(BPBPA),

through

in-situ

polymerization, complexation and imidization processes followed by direct casting on a glass
substrate for film formation. The possible reason for having high dielectric constant might be due
to the co-existence of highly polar halide group which was not removed in the process. This can
lead to a detrimental effect on breakdown voltage and energy density hugely. Inhomogeneity in
morphology which was not reported and impurity can lead to other complications.

Here, we explored a new route of incorporating metal into the organic polymers with a goal of
improving the dielectric constant, breakdown strength and energy density of organometallic
polymers having Sn in the backbone with homogeneous dispersion of organometallic Sn in the
polyimide matrix. The idea is to incorporate Sn chemically into the PI matrix with a hope of
homogeneous dispersion of Sn particle into the organic phase. Our goal is to utilize the Sn-O bond
for having improved ionic polarization while uniformly disperse this linkage throughout the matrix
to improve the film morphology. This can be achieved if Sn-O bond disrupts the regular chain
packing of the PI by having a coordination complex with the carboxylate part of the polyamic acid.
To understand the feasibility of the entire process, we started with synthesizing small molecules
with the same functionality. After successful characterization, we moved on to polymer synthesis
and characterization which is described in the following sections. PI precursor here chosen was
BTDA-HDA due to its excellent film forming ability and ultralow loss. The Sn precursor used was
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dimethyltin -(Sn(CH3)2)- (DMT) due to its high dielectric constant and for its ability to form SnO bond easily with carboxylate ligand.

4.3.2. Model Compound Synthesis and Characterization
To understand the complicated polymeric structure, it is helpful if we start from the model
compound synthesis mimicking the basic structure of the polymer in the small molecule. Once we
characterize the structure of the small molecule, we can predict the property of polymeric molecule
containing the same structural unit. For this purpose, we need to start with monofunctional
monomer instead of bifunctional monomers. Phthalic anhydride and hexyl amine were chosen for
this purpose to synthesize the imide molecule or, the complex of the Sn with the precursor of the
imide molecule. Once we understand the structural behavior of the complex and imide, it would
help us to understand the structural behavior of polyimide itself having the similar composition
and arrangement in the chain.

4.3.2.1. Synthesis of Model Compounds
Eight model compounds were synthesized starting from 0, 1, 3, 5, 10, 15, 50 and 70 % mole ratios
of Sn as DMT with respect to amic acid. The general synthetic scheme is shown in the Figure
4.3.1. for the model compound is as followsFor a 1 mol% Sn (DMT) containing compound (S1-AA), to a dry 100 ml flask 1.0119 g (10 mmol)
of hexylamine (HA), and 20 ml dry NMP were added under argon with stirring. After well stirred
for 30 min, 1.481 g (10 mmol) of phthalic anhydride (PhthA) were added. The reaction was carried
out at room temperature for 12 h to form an amic acid (AA). 2 mol % of triethylamine (TEA) with
respect to AA was added to deprotonate the equivalent amount of AA formed. To that mixture 1
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mol % of dimethyltin dichloride (DMTCl2) solution in 3mL of NMP was added and stirred for
additional 12 h. The resultant mixture was poured into 150 mL of methanol, filtered and washed
with methanol several times, and dried in vacuo at room temperature for three days and then stored
in a desiccator. The white solid was obtained. The remaining compounds with 3 to 70 mol% of Sn
were synthesized and named as, S3-AA, S5-AA, S10-AA, S15-AA, S50-AA, S70-AA. The 0
mol% Sn refers to the pure AA without any Sn content.

Figure 4.3.1. General synthetic scheme for the model compounds with the proposed final
structure.

4.3.2.2. Theoretical Aspects of Model Compound
Four possible structural arrangements have been proposed as shown in the Figure 4.3.2. to check
their structural feasibility with respect to their formation energy. Lowest energy configuration is

133

selected based on the lowest value of DFT predicted energy, E (eV). Due to their close proximity
in E values for B (0 eV) and C (-0.31 eV) structure, so it can be argued that both of these structures
can prevail as resonance contributor at room temperature.

Figure 4.3.2. Proposed possible structures for the model compound from A to D.

Converting from structure C to B requires a negligible amount of energy and neighboring
environment can facilitate this conversion by absorbing heat since this structure is predicted as
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perfect crystals at zero Kelvin. So, at ambient condition surrounding temperature should be enough
to force these molecules to be existing in both B and C form.

4.3.2.3. Structural Characterization of Model Compounds
The model compounds were characterized by FTIR, XRD, TGA, DSC, and 1H-NMR. The overlay
FTIR-ATR spectra of the compounds are collected and are shown in the Figure 4.3.3. highlighting
different regions and changes associated those regions. The spectra were divided in four parts,
first two parts from 800-400 cm-1 and 1400-800 cm-1 as finger print regions and 3500-2800 cm-1
and 1800-1400 cm-1 as functional group regions showing their important changes with dotted
arrows and circles. In the fingerprint regions the characteristic absorption stretching resulted from
the Sn-O is evident in the regions 440 and 622 cm-1.[91] These absorption peaks prove the
presence of Sn-O bonding in the molecule. These absorption is also increasing by the increasing
amount of Sn content which could be anticipated. Another stretching at 500 cm-1 probably due to
the Sn-C stretching. Also, important changes were observed at functional group regions. The CO
stretching shifted from 1575 to 1545 cm-1 lower frequency regions due to the heavy Sn moiety.
Also, characteristic carboxylate stretching CO at 1725 shifted to 1712 cm-1 due to the increasing
amount of Sn content. Characteristic antisymmetric and symmetric stretching of CO is also
observed 1500-1400 cm-1 region and their difference in wavenumber (>170 cm-1) suggested the
bidentate chelation to metal center. This chelation could be happened from two monomer
molecules forming a dimer by fulfilling the octahedral geometry around the central metal ion. So,
the structure A, B and C are highly possible to co-exist, where the uncoordinated C=O stretching
is absent.
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Figure 4.3.3. FTIR-ATR spectra of the various small compounds showing their normalized
absorbance against wavenumber.

Figure 4.3.4. shows the XRD of the model compounds along with the pure AA. Significant changes
in their structures have been observed from the pure AA to the compounds containing Sn. Even
1% addition of Sn would be able to provide pronounced modification in their XRD pattern
probably due to the disruption in the orderly pattern. Up to 15% addition of Sn can have a
coexisting of two different molecules as shown in the right images of Figure 4.3.3. The XRD
pattern for 50% was not possible to take due to its sticky and gluey textures but it is assumed that
at 50% the compound reached the saturation level and all the AA reacted with Sn by forming a 2:1
complex with Sn.
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Figure 4.3.4. XRD of model compounds and their corresponding possible molecules responsible
for the XRD pattern.

Below 50% it should have the co-existence of complex and AA. When more than 50% Sn is added
it should no longer contain the free AA molecule in the system rather some excess amount of Sn
with unknown ratios of other small molecules as impurities such as DMTCl2, TEA and their
adduct, which is also evident by the appearance of some extra peaks in the S70-AA XRD pattern.
It can be argued at this point the system crossed the saturation level to have equimolar ratios of
small molecules.
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Figure 4.3.5. 1H-NMR of synthesized model compounds of AA to S1-AA.

Figure 4.3.6. 1H-NMR of synthesized model compounds of S3-AA and S5-AA.

Figure 4.3.7. 1H-NMR of synthesized model compounds of S10-AA and S15-AA
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Figure 4.3.8. 1H-NMR of synthesized model compounds of S50-AA and S70-AA.
1

H-NMR of all small molecules have been collected using CDCl3 solvent shown in the Figure

4.3.5.-4.3.8. The proposed structure can be correlated well the 1H-NMR spectra once the calculated
ratios of Sn and AA could match with the experimental ratios. The experimental composition was
calculated considering the signal of CH3 proton attached to Sn which is a singlet with = 1.12 and
with the CH2 proton attached to N which is a multiplet with

= 3.41. The area of the former is

divided by 6 due to six H from two CH3 and area of the later is divided by 4 due to the two CH2
group from two AA molecule, considering the model compound as dimer of having two AA
molecules linked through one Sn(CH3)2 unit. The following table has the data found from
experiment and calculated with slight dissimilarities but mostly fall under our anticipated
formulation.
Table 4.3.1. Theoretical and experimental ratios of Sn to AA from 1H-NMR spectra
Ratios
Theoretical
Experimental

AA
0.0
0.0

S1-AA
0.010
0.014

S3-AA
0.030
0.039

S5-AA
0.050
0.048

S10-AA
0.100
0.161

S15-AA
0.150
0.216

S50-AA
1.00
1.05

S70-AA
1.20
1.47

So, it can be inferred from the above characterization the compound is generally forming a dimer
utilizing its carboxylate moiety as a ligand to the metal linkage. Highly electropositive Sn
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(electronegativity, 1.94) acting as a metal center for two AA molecules to be coordinated and fulfill
their octahedral coordination environment by stabilizing it.

4.3.2.4. Thermal Characterization of Model Compounds

They are also characterized thermally for knowing their degradation temperature, stability,
decomposition residue and thermal transition such as melting (Tm) or crystallization temperature
(Tc). The TGA overlay thermograms are shown in the Figure 4.3.9. along with the dimethyltin
oxide (DMTO). Their degradation temperature is lower than the corresponding inorganic oxide.
The pure AA has Td5% at 125 oC and the other Td5% is gradually increasing by the increasing amount
of Sn. Coordinated dimer formation with the addition of Sn could be the reason of having higher
degradation temperature compared with the free AA molecule.

Figure 4.3.9. Thermo gravimetric analysis of model compounds along with pure AA and
dimethyltin dioxide (DMTO).
Residue analysis is another important indication for molecular formulations. At higher temperature
metal containing organic molecule decompose to form their oxides, in this case, tin oxide (SnO2).
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The experimental residue at 250 ºC is tabulated in the Table 4.3.2. which shows a close
resemblance with the calculated residue. The anticipated formulation and structure can be further
proved by this thermal study.

Table 4.3.2. Tabulated data for the degradation temperature Td5%, experimental residue after
treating with 250 ºC and calculate residue as tin oxide.
Td5%
Exp. residue
after 250 oC
Cal. residue

AA
124.54
-

S1-AA
127.94
0.83

S3-AA
127.33
1.07

S5-AA
129.88
1.92

S10-AA
131.46
5.91

S15-AA
130.39
8.35

S50-AA
149.22
26.62

S70-AA
159.31
33.47

-

0.61

1.78

2.93

5.70

8.33

23.28

29.85

All the molecules are tested for DSC studies under a nitrogen atmosphere with a single cycle of
10 ºC/min up to their individual degradation temperatures shown in the Figure 4.3.10. Since the
molecules are heat sensitive and degrade at low temperature, so the first cycle has shown the major
changes associated with the molecules, which is important for determining their thermal
transitions. They typically have exhibited sharp melting and crystallization peaks since they are
not polymeric in nature. It is to be noted that, DSC thermogram is sensitive with respect to device
ramp rate and the final thermal transition range can vary accordingly. However, if the particular
ramp rate is uniform for all systems, it can be sufficient enough to draw a pattern conclusion. For
pure AA, the sharp Tm is found at 96 ºC. With the slight addition of Sn as 1%, there appears a tiny
endothermic peak at 59 ºC. This tiny peak can be an indication of the presence of the second
molecule. With the increasing amount of Sn this tiny peak is getting larger and the parent peak
becoming broader. These two peaks slowly reaching a eutectic point. It is difficult to predict the
exact location of a eutectic point since there is a jump in the composition from 15% to 50%.
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Figure 4.3.10. Differential Scanning Calorimetric plots for the compounds S1-AA to S70-AA.
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However, it can be assumed two miscible solids in the same system is the reason for this kind of
thermal transitions. For 50% Sn-AA system, there is no appearance of the second endothermic
peak, which is an indication of the molecular saturation, where all the AA molecule connected to
Sn leaving no unreacted AA molecule to behave as miscible impurities to the system. To prove it
further, after 70% addition of Sn shows the existence of another peak at a lower temperature. It
can be argued that this new peak appears due to the presence of 20% extra uncoordinated Sn moiety
with some unknown formulation. There also appears an exothermic crystallization peak (Tc) after
addition of Sn. The possible reason could be the recrystallization of coordinated Sn compound.

4.3.2.4. Conclusion for the Model Compounds
Amic acid containing phthalic anhydride and hexylamine could be the ideal model compound for
analyzing Sn(CH3)2 containing polyimide system having 3,3,4,4-benzophenone dianhydride and
1,6-hexane diamine precursors. The DFT computed lowest energy configuration for the AA
molecule suggest the formation of dimer as the feasible route. The predicted lowest energy
structure has the bidentate chelation (C) and it can be stabilized by the contribution of its resonance
structure shown in Figure 4.3.2 (D) with a minimal energy barrier. Both these structures adopt the
octahedral geometry around the central metal. The experimental FTIR strongly suggests the
presence of both structures with Sn-O binding. Therefore, metal act as a linker between two
molecules. Experimental XRD and 1H-NMR confirm the predicted model and expected
compositional formulations. Thermal characterization by TGA and DSC prove it further. With the
help of advanced DFT modeling and experimental validation, we have achieved the confident to
explore the new route of dielectric synthesis which is discussed in the subsequent sections. These
new systems will also help us to understand some electrical properties further in-depth such as
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breakdown mechanism, dielectric loss, and tunability of the dielectric constant in polymer film of
the organometallic system, which is very scarcely researched in the field of dielectric materials.

4.3.3. Polymer Synthesis and Characterization
4.3.3.1. Synthesis and Processing of Polymers
The route for polyamic acid (PAA) was synthesized by the same procedure described in the Section
4.2.1. without adopting the imidization step. Approximately 10% solution of PAA was taken for
further treatment with DMTCl2. The PAA was deprotonated with TEA before treating it with Sn.
Six polymer samples were synthesized starting from 1, 3, 5, 10, 15, and 100% mole ratios of Sn
as DMT with respect to polyamic acid.

Figure 4.3.11. Synthetic route of Sn-PAA complex formation
The detailed synthetic procedure is shown in the Figure 4.3.11. for the model compound is as
follows-
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For a 1 mol% Sn (DMT) containing polymer (Sn1-PAA), 0.0221 (0.218 mmol) g of TEA was
added to the solution of PAA while stirring for the deprotonation of 0.2 mmol of PAA. To an
Erlenmeyer flask, 0.0235 g (0.107 mmol) of DMTCl2 was taken and dissolved in 1mL of NMP.
The solution was then added to the previously treated PAA solution. The reaction was carried out
at room temperature for additional 12 h. The resultant mixture was poured into 150 mL of
isopropanol, filtered and washed with isopropanol several times and dried in vacuum at 110 ºC for
one day. The yellowish white solid was obtained as the end product. Other polymers with 3 to 100
mol% of Sn were synthesized in a similar manner and named as, Sn3-PAA, Sn5-PAA, Sn10-PAA,
Sn15-PAA, Sn-AA. The 100 mol% Sn refers to the 1:1 stoichiometric ratios of Sn and PAA and
hence named as Sn-AA.

Figure 4.3.12. Sn-PAA films of different composition on metal shim stock

The resultant polymer was further treated with m-cresol solvent to process as a free-standing film.
10 wt/wt% solution in m-cresol was made under heated (90 ºC) condition for each polymer. The
solution was then drop casted on stainless steel metal shim stock or on a glass substrate using
doctor’s blade coater with a 250 μm film applicator with an application speed of 3 mm/cm. Films
were dried on doctor’s blade in real time environment starting from 60 ºC for one hour, and then
gradual ramp of 70, 80 ºC for one hour each and finally at 90 ºC for 12 h. The films were then
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vacuum dried at 115 ºC for one day for the complete removal of the solvent. After one day the
dried polymer films were peeled off as free-standing film and thickness was measured using
Measure-It-All LE1000-2 point to point gauge. The resultant films were shown in the Figure
4.3.12. and in Figure 4.3.13. both in metal shim stock with 10-15 μm thickness and as free-standing
films with ~ 5 μm thickness. These systems would be able to produce free standing film of uniform
quality, with high transparency and without brittleness up to 15% concentration of Sn content in
the systems. The films were then tested for all the structural and electrical characterization.

Figure 4.3.13. Two highest percentage of Sn containing films showing their ultra-thin texture,
transparency and free-standing ability.

4.3.3.2. Structural Characterization
The films were tested for FTIR, XRD for structural characterization along with the TGA and DSC
for thermal performance which also strengthened structural features.
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Figure 4.3.14. Overlay of the same set of FTIR spectra segmenting different important frequency
regions

For a polymer with a large repeat unit, it is often complicated to interpret all the absorption peaks
accurately due to various reasons like complicated repeat unit structure and larger size, chain
entanglement and dipole-dipole interaction. Some strong peaks have been analyzed and shown in
the Figure 4.3.14 above. Change in the aromatic C-H out of plane bending mode in the region
~720 cm-1 has been observed. With the increasing amount of Sn content, the intensity of this
vibration decreased and shifted to higher frequency region. The possible reason is that the lighter
atom can vibrate along with the ring carbon but heavier atom cannot due to their mass, force
constant and bond length.[138] The effect of heavy group near the benzene ring is also explained
theoretically by Thomson et al. Benzene containing ester group shows another absorption peak for
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C-H bending at ~805 cm-1, which can be indicated by the increase in this peak here in this case,
which is possibly due to Sn-O containing ester formation. The imide (-C=O) band at 1770
(asymmetric) and 1708 (symmetric) cm-1 is getting lower and amide (-C=O) band at ~1650 cm-1
is getting bigger and broader by the increasing amount of Sn.[139] At the same time ~1390 cm-1
for C-N is getting lowered by the addition of Sn. Typical absorption bands for aromatic imides
can be observed at 1390, 1770 and 1710 cm−1 in all spectra and their changes by the addition of
Sn. All of these characteristic peaks are getting lowered which is an indication of lowering the
imide linkage and increasing the amide moiety. They exhibited characteristic IR absorption bands
of the amide group around 3270 cm−1 (N-H stretch) when the amide and imide co-exist.[140]

4.3.3.3. Morphological Features
The samples were investigated for its morphological features by SEM shown in the Figure 4.3.15.
Elemental mapping of different films showed the homogeneous distribution of Sn particle
throughout the matrix. The green dots represented the oxygen distribution, whereas red dots
represented the Sn. It is to be noted that the distribution of red dots is increasing by the increasing
amount of Sn content, on the contrary there was no significant changes took place for the
distribution of the oxygen. The reason is, the amount of oxygen in the matrix was same whether it
forms the complex with Sn or not. No microphase separation is observed in any of the composition
indicative of the nano-level homogeneous distribution of the DMT particle. Apart from few
mechanical defects and processing defects, these films look optically homogeneous. Additionally,
point to point EDAX measurement have been carried out and Sn10-PAA EDAX spectrum is
shown in the Figure 4.3.15.
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Figure 4.3.15. (left) FE-SEM images of the films, (middle) elemental mapping by EDX showing
distribution of oxygen in green dots, (right) elemental mapping by EDX showing distribution of
oxygen in red dots.
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Figure 4.3.16. EDAX spectrum of the Sn10-PAA film.

To investigate the fate of Sn particle inside the polymer matrix is important to elucidate. Whether
the Sn is forming any oxide as dimethyltin oxide (DMTO) inside the polymer or remain as a
complex can be understandable if it can be compared with the actual mixture of DMTO and PAA.
Physical mixtures of PAA and commercial DMTO were prepared with different proportion namely
M1, M3, M5, M15 and M100 where numbers indicate the percent ratios of DMTO with respect to
PAA. These mixtures were then dried under vacuum at 115 ºC overnight like the polymers. 10%
solutions in m-cresol were made out of each mixture and casted on glass slides and dried in air for
one day and under vacuum again at 115 ºC for overnight to remove the solvent for XRD analysis.
Similarly, polymers films were made for XRD analysis. The comparison spectra were shown in
Figure 4.3.17, which clearly suggested that the mixtures and polymers did not have same structural
and morphological features. All polymer films exhibited amorphous characteristics, even upon
addition of 1:1 ratios of Sn to PAA, they were amorphous in nature. There is a change in the
amorphous peak going from PAA to S1. The broad amorphous peak shifted to lower angle (2θ ~
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10º) gradually by the addition of Sn. This peak can be related to the presence of Sn. On the other
hand, physical mixtures showed amorphous to semi-crystalline to crystalline changes in the films.
By the addition of DMTO, the PAA film gradually changes to crystalline which is indicative by
the sharp characteristic peaks. 1:1 ratios of DMTO to PAA (M100) closely resamples with the
pure DMTO, which indicates the amorphous nature of the PAA film completely suppress by the
addition of DMTO and become more crystalline in nature, which is opposite what we observe in
the polymer films. The internal structure of the polymer films and mixtures are also quite different
than each other.

Figure 4.3.17. XRD patterns of polymer films of Sn-PAA and physical mixtures of DMTO with
PAA to have a comparison of structural and morphological features.
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4.3.3.4. Thermal Characteristics
TGA of the dried polymers have been performed under nitrogen atmosphere with 10 °C/min from
room temperature to 600 °C. The Td,20% of the samples were getting lower by the addition of DMT
shown in the Figure 4.3.18, the lowest Td,20% was found for the system with 1:1 ratios of Sn to
PAA, where we assumed all the Sn coordinated with the COO- group.

Figure 4.3.18. TGA thermograms of the complex polymer

DSC thermogram of the samples are shown in the Figure 4.3.19, where it found that the
incorporation of Sn increases the Tg of the samples. The Sn is acting as a crosslinker and this
metallic entity increase the crystallinity of the polymer by making a three-dimensional network
within the system. It can be said that Sn is enhancing the rate of curing of the polymer, which is
also evident by the color change in the film. This curing might be taking place by forming
coordination network of Sn with O instead of imidization to polyimide. In the 1:1 ratio of Sn to
PAA where the content of Sn is 100% with respect to PAA to fully coordinate with it, showed no
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Tg values up to 200 °C, when they are treated in similar manner. So, it can be said that, all the Snis coordinated with the PAA making it more crystalline in nature, and make it brittle rather than
free-standing film.

Figure 4.3.19. DSC curves of the complex polymers

Table 4.3.3. Degradation temperature (Td20%) from TGA and Tg values from DSC of the polymer
samples.
Polymer
PAA
S1
S3
S5
S10
S15
S100

Td20%
440.83
440.13
432.85
427.27
379.69
322.83
212.13

Tg
107
145
151
155
157
160
-

4.3.3.5. Dielectric Spectroscopy
Dielectric constants and dissipation factors have been investigated through frequency domain
spectroscopy at room temperature from 20-1MHz. Three different methods were selected to
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investigate the effect of electrode substrate on the dielectric behavior. Electrodes like silicone
rubber, stainless steel metal shim stock and metal Si-wafer were chosen. The results are shown in
the Figure 4.3.20. On stainless steel and on metal Si-wafer the solution was directly drop casted
on them and heated to 90 °C and then dried in vacuum oven at 115 °C for one day. The capacitance
was measured directly on that metal substrate having the adhered film on it. The dielectric
constants found using the stainless shim stock and silicone rubber with a free-standing film are
closely comparable and no significant changes have been observed on average dielectric constant.
Dielectric spectroscopy found from Si-wafer deviated significantly from the other two methods.
They have more frequency dispersion on their k values as well as loss values compared to free
standing films. One can be argued the fact of using wafer containing Si which can participate in
trans-metallization with the Sn of the polymers during film processing since they lie in the same
group. On effect of that we observe the fluctuation on dielectric constant and a hump on dielectric
loss on lower frequency regions with high frequency dispersion. The dielectric constant increases
by the incorporation of Sn as DMT inside the polymer matrix. The average dielectric constant and
loss of all system starting from polyamic acid films are summarized in Table 4.3.4. Dielectric loss
is also increased by the increasing amount of Sn, which is anticipated as more ionic relaxation is
expected from the Sn-oxygen bond.
Table 4.3.4. Dielectric constant and loss of Sn-PAA complex system along with pure PAA.
Polymer
PAA
S1
S3
S5
S10
S15
S100

k at 1Hz
3.46 ± 0.277
3.72 ± 0.095
5.23 ± 1.127
5.26 ± 0.477
5.59 ± 0.867
5.95 ± 0.772
8.51 ± 0.904
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tan at 1Hz
0.016 ± 0.006
0.019 ± 0.009
0.052 ± 0.041
0.032 ± 0.024
0.024 ± 0.031
0.046 ± 0.026
0.083 ± 0.061

Figure 4.3.20. Dielectric spectroscopy of the Sn-PAA complexes on different electrodes.
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Whether this loss is due to the small molecule formation such as dimethyltin oxide (DMTO) or
not, another set of experiments have been carried out. Physical mixtures of PAA and commercial
DMTO were prepared with different proportion namely M1, M3, M5, M15 and M100 where
numbers indicate the percent ratios of DMTO with respect to PAA. 10% solution in m-cresol was
made out of each mixture and casted on metal shim stock for dielectric measurements. Four of
them were subjected for dielectric spectroscopy shown in Figure 4.3.21. The oxides of dimethyltin
with PAA showed reveres features compared to Sn-PAA polymers. Upon addition of Sn, dielectric
constant suppresses significantly and 1:1 ratios of DMTO: PAA (M100) showed lowest dielectric
constant with lowest loss. The probable reason could be the phase separation of DMTO to PAA
and since DMTO is comparatively heavier it might sit on the bottom on the shim stock and layer
of PAA forms on top. On this study it can be assumed that, DMTO is not forming in the Sn-PAA
system during the film making process. This is further confirmed by the characterization technique
like the XRD, TGA, DSC and FTIR.

Figure 4.3.21. Dielectric spectroscopy of the different DMTO mixtures with PAA.
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4.3.3.5. DC Breakdown Measurement
DC breakdown test or failure analysis was carried out on 20 samples for each Sn-PAA system to
determine the DC engineering breakdown field of the polymers. Measurements were carried out
in a ball to plane setup in silicone oil on samples 3 mm in diameter and analyzed using the Weibull
distribution function, F(x). DC breakdown voltage largely depends on the film quality, such assurface roughness and chemical and physical impurities and defects, which can severely affect the
actual intrinsic breakdown voltage.

Figure 4.3.22. DC breakdown strengths in Weibull distribution

That is why large distribution of data points across several samples are taken with a Weibull
analysis to check their failure point to average out the effect of impurities like dust, residual
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solvent, small molecule, crystallization which is responsible for early breakdown. It will have all
the tested points failing at the same value, which is called the breakdown field. A likely breakdown
field for a given sample was determined within acceptable limits as 63.2% probability for all
polymer samples. Interesting features in the breakdown has been observed and a threshold limit is
found as 10% Sn, after which breakdown field decreases significantly. 15% Sn containing
polymers showed breakdown as ~ 354 kV/mm, which is close to the PAA. Lowest breakdown has
been observed for the 100% Sn containing polymers. This is anticipated since it is crystalline and
brittle in nature. Surface roughness and inhomogeneity also found in this which can cause lower
breakdown. So, it can be argued that Sn helped to reduce the crystallinity and improve the
homogeneity to a threshold which is up to 10% Sn in polymer, after that it started increasing its
crystallinity again. From 1% to 10% Sn containing polymers, no drastic change in breakdown field
was found, they showed breakdown above > 400 kV/mm in each sample. Energy density
calculated at the breakdown field can be summarized as followsTable 4.3.5. DC breakdown strength and their corresponding energy density.
Polymer

DC Breakdown (kV/mm)

PAA
S1
S3
S5
S10
S15
S100

366.02
420.14
420.66
405.78
403.47
354.54
158.46

Energy Density (J/cc) from
DC breakdown
2.08
2.91
4.10
3.83
4.03
3.31
0.95

4.3.3.6. AC Breakdown Measurement
The AC breakdown field was also determined by charge-discharge or, D-E loop as discussed in
samples with 3 mm in diameter at 100 Hz with a ball to plane setup. Although D-E Loop is a useful
measurement for breakdown field, energy density, energy loss and efficiency at the same time, but
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it is also a sensitive technique as it largely depends on film processing and quality. So, getting
actual AC breakdown voltage is always underestimated and tricky, which largely depends on
several factors such as mechanical defects, presence of residual solvent particle, impurity, dusts.
Making a defect free film is almost impossible. Nevertheless, we can have an idea of the range and
upper limit of breakdown voltage if it is carried out precisely. Generally, the higher the applied
electric field, the larger the hysteresis loss.

Figure 4.3.23. DE- loop on selected complexes.
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Moreover, at high fields, conduction losses can lead to high hysteresis loss as well and low
efficiency in the material despite a high energy density. The D-E hysteresis loops for the three
systems are shown below in Figure 4.3.23 and also summarized in the Table 4.3.6.

Table 4.3.6. AC breakdown voltage and corresponding energy density.
Polymer
PAA
S1
S3
S5
S10
S15
S100

AC Breakdown
(kV/mm)
500
600
550
450
-

Energy Density (J/cc) from AC
Breakdown
8
14
10
7
-

4.3.3.7. Band Gap Determination
The band gaps of the polymers were determined using ultraviolet-visible spectroscopy by scanning
the UV-visible spectra from 750-190 nm and taken the intersection of absorption
excitation/absorption onset. This onset relates to the energy of the band gap through Planks
Equation. 1% solution was prepared in m-cresol solvent and casted on quartz slide which formed
an ultra-thin layer. The slides were then dried and then tested in the double beam UVspectrophotometer. The slides were then placed in the cell compartment facing the film to the UV
beam source. The Eg value was determined by dividing the 1240 by the onset of wavelength of
individual films. The results are tabulated in the Table 4.3.8 below-

Table 4.3.8. Experimental band gap data for the Sn-PAA system along with PAA.
PAA
S1
S3
S5
S10
S15
λ (nm)
379
344
346
339
322
325
Eg (eV)
3.27
3.60
3.58
3.66
3.85
3.82
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S100
340
3.64

The pure PAA film showed the lowest band gap energy. Band gap energy jumped significantly by
~0.35 eV by the addition of 1% Sn. Up to 5% addition of Sn did not show any drastic difference
in the band gap energy. Also, 10% and 15% Sn containing system found to have similar band gap
energy with slight increased value for the S10 with lowest λonset. However, S100 showed the band
gap energy close to the S1. This trend matched with the trend found in the engineering DC
breakdown voltage. From this combined electrical and optical breakdown analysis, it can be said
that Sn can be acted as probe as well as defects even with the smallest amount as 1%. After 10%
addition of Sn it better suited as defects and it no longer increased the band gap energy rather
decreased.

4.3.3.8. Conclusion
A new synthesis route of organometallic Sn containing polyamic acid complex has been proposed
in this section. The resultant polymers are structurally and electrically characterized for dielectric
application. The various content of Sn starting from 1% to 100% is introduce to investigate whether
the Sn acted as defects impacting the dielectric properties like dielectric constant, loss, breakdown
strength and energy density. For understanding their structural features model compounds
mimicking the polymer are synthesized and characterized. It is found from both model compound
and polymer analysis that Sn is coordinating with carboxylate of polyamic acid moiety by bridging
between two strands of PAA. The presence of Sn helped the PAA to imidize even better. Dielectric
constant increases by increasing amount of Sn with minimal loss. Sn helped the PAA to become
more amorphous up to a threshold concentration (10%) and after which it started increasing its
crystallinity. This is evident by the breakdown strength, which improves upon addition of Sn to
PAA, which starts decreasing again after 10% Sn. Therefore, it can be said that Sn acted as defects
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up to certain concentration and after that it is no longer can be considered as defect and starts
contributing as a vital part of the polymer constituent. This study shows us several indications as
how to improve the breakdown strength and improve the energy density by applying the metal
defect. Also, it shows one can improve the dielectric constant of the organic PI by incorporating
tiny amount of metal in it, unlike nanocomposite without any downfall of aggregation and
ferroelectric loss. Most importantly, this organometallic-polyamic system can be considered as the
prototype of free-standing film having the metal-organic backbone as dielectric film for capacitor
application.
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Chapter 5
5. Zn- and Cd-Containing Polymer Systems: Moving
Towards Transition Metals

It is shown that there is a benefit in dielectric constant by fully coordinating the metal atom to the
maximum number of electronegative oxygen atoms. Therefore, polymers that have both covalent
and coordination bonds, like those described for the tin polymers, are more ideal rather than some
other metal containing polymers that have metal-carbon type linkages in the polymer backbone.
The computation-driven discovery of novel Sn-based organometallic polymers led to a sweeping
new exploration of polymers containing different metals chosen from the periodic table. The
organometallic polymers clearly surpass their pure organic counterparts in terms of high εtot for
given values of Egap. The fundamental reason behind this increase, which is also the motivation of
the expansion to the MOF subspace, is that the metal-containing bonds are generally highly polar,
and the swinging and stretching motions of these polar bonds are generally low in frequency,
leading to an increased contribution. Detailed analysis revealed that the identity of the metals, the
content of the metals, and the coordination environment of the metal atoms are among the crucial
factors for the optimization of the polymers for energy storage applications. Experimental efforts
for Zn- and Cd-based polymers have shown exiting new features and better understanding of above
mentioned factors on electrical properties and are described in the subsequent sections.
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5.1 Zn(II)- and Cd(II)-Aliphatic Polyesters: A StructureProperty Relationship

5.1.1. Introduction

Historically oxides are known as widely used material in electronic devices in many forms. The
most important electronic device is the complementary metal oxide semiconductor (CMOS) field
effect transistor (FET), which use the very well-known silicone dioxide (SiO2). It is also preferred
as gate dielectric with compromising the limitation of its semiconducting nature, low dielectric
constant and difficulty in processing. Later hafnium dioxide(HfO2) or, zirconium dioxide(ZrO2)
supersede the SiO2 for their increased performance. However, process-ability and cost are still the
issues. Also, at comparatively higher operation temperature, their property degrades with the
compatible flexible plastic substrate. However, typical organic polymer gate dielectrics have limits
due to their relatively low dielectric constants and modest thermal stability.[141] We have that
freedom to choose a versatile class of oxides from the periodic table theoretically. In reality, we
need to screen down to some selective candidates for our purpose. Several oxides and their
corresponding dielectric constant and band gap are reported in the Table. Interestingly most of
these oxides follows an inverse relationship with the dielectric constant and band gap energy
shown in Figure 5.1. It needs to be mentioned that, scientists have been struggling with the
inorganic aggregation phenomenon caused by these highly polar oxides which makes them
difficult to use as dielectrics due to their high dielectric loss under applied electric field and nongraceful aging mode.
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Table 5.1. Dielectric constant and band gap of some oxide for gate dielectric candidate.
Oxides
SiO2
Al2O3
Ta2O5
TiO2
ZrO2
HfO2
La2O3
Y2O3
ZnO
CdO
*from refractive index

Dielectric Constant
3.9
9.0
22
80
25
25
30
15
8.5
6.2*

Band Gap (eV)
9.0
8.8
4.4
3.5
5.8
5.8
6.0
6.0
3.4
2.3

Generally, it is a challenge to have high dielectric constant, low dielectric loss while maintaining
high band gap energy simultaneously.

Figure 5.1. Dielectric constant againt band gap energy of different oxides.[142]

Using high-throughput computational screening followed by targeted synthesis and further indepth computations, unexplored polymer classes (for eg., Sn-polyesters) were discovered as
possible candidates as dielectric materials; this was recently reviewed.[69] As a part of this work,
we generated a computational dataset of more than a thousand polymers and related materials,
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which is shown in the form of a plot between band gap and dielectric constant. It is evident that
the metal containing polymers display much higher dielectric constant values for a given large
band gap as compared with pure organics. Therefore, recent computational studies have shown
that by incorporating metal atoms into the polymer backbone through coordination bonds,
dispersion difficulties of the aggregated nanoparticles in inorganic nanocomposite systems have
been eliminated.[91,143] The rationale behind considering metal containing polymers in the
polymer backbone is due to their dipolar and ionic contributions to dielectric properties, which
occurs by increasing the difference in electronegativity between the metal-oxygen bonds. These
calculations showed that an ester linkage to a tin atom was a favorable way to bind the metal into
the polymer backbone as it provides an increased atomic polarization as well as increased dipole
interactions. In this study, the tin (Sn) system was replaced with the more electro-positive
transition metals zinc, a 3d block transition metal (Zn, [Ar]4s23d10), and cadmium, a 4d block
transition metal (Cd, [Kr]5s24d10) with modified synthetic scheme.

Pure zinc oxide (ZnO) crystals have a dielectric constant ca. 8.5 at 100 kHz [144] and a band gap
of 3.37 eV. Cadmium oxide (CdO) is a well-known n-type semiconductor metal oxide with a large
refractive index (no = 2.49) corresponding to an electronic dielectric constant of 6.2 using a result
of the Maxwell equation, equation (1), and an optical band gap of 2.28 eV.

n0   elec
Despite having high dielectric constants for metal oxides, CdO and ZnO have low band gap
energies which limit to many applications for high band gap materials.
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Rationale behind Selecting ZnO and CdO Standard: Apparently, from a theoretical view
transition metal oxide look promising and interesting due their high dielectric constant value. If
we closely look at their intrinsic physical properties which restricts us to think for any metal.
Transition metals have partially filled d orbitals which resides in the middle of the periodic table
from Group 3 to Group 12. Only exception is with the Group 12 elements which have completely
filled d-sub shell, and not strictly follow the properties of other transition metals of the same
periods. They are referred as Late Transition Metals with diamagnetic in nature even in their (+2)
oxidation state due to their filled orbitals. This unique feature makes them stable in electric field
in a sense that they are not attracted towards applied electric field (as well as magnetic field) unlike
paramagnetic species. On account of that we can hope for a neutral material which would possess
low energy loss during discharge. Additionally, structural characterization such as NMR would be
feasible for diamagnetic substance, due to the lack of interference with the of unpaired electrons
like paramagnetic substances. Using late transition metal like Zn is cost effective compared to the
traditional organic synthetic polymers which requires additional processing cost. However, using
Cd is slightly expensive and toxic; although the reason of using Cd here to have a comparative
picture with the Zn counterpart. Hg can be easily ruled out from this choice since it is liquid and
inappropriate for the application.

Goal of the Study: The goal of this study was multi-fold. Firstly, to explore more chemical space
feasible for dielectrics from the periodic table so that we can understand their structure-property
relationship from broader perspective, will help advancing the material development; which is
more prone to academic in reason. Secondly, to narrow down the reasoning, to approach the
dielectric constants of their corresponding metal oxides without the downfalls of aggregation and
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high dielectric loss while increasing their band gaps through the incorporation of a non-polar
aliphatic spacers in backbone. Although Zn and Cd are two same Group metals, but they are widely
different from their many physical and chemical reactivity. Their connectivity and final behavior
in a polymeric sample for dielectric application should also be different. It is also required to know
the threshold amount of metal content necessary to be become electrically active for dielectric
purpose. We need to understand the point of demarcation when we no longer need oxide to boost
up the dielectric constant, and simple metal containing polymers would do that job for us.
Therefore, another goal of this study is to understand the mechanism of ionic, electronic and total
dielectric constant contribution using high throughput DFT screening, along with the geometry
and concentration of the metal to be needed.
5.1.2. Calculation Methodology
Density functional theory (DFT)[72] as implemented in the Vienna ab initio simulation package
(VASP)[73] is the computational methodology used here. The total energies of the different
structural models considered for the Zn- and Cd-systems were obtained using the generalized
gradient approximation (GGA) functional associated with vdW-DF2[145], i.e., refitted PerdewWang 86 (rPW86)[146]. The inclusion of the DF2 vdW correction[147] is necessary to explicitly
take the weak interactions between adjoining polyester chains into account. For carbon, oxygen,
hydrogen, zinc and cadmium, the following valence states were used respectively: 2s22p2, 2s22p4,
1s1, 3d104s2 and 4d105s2. Monkhorst−Pack k-point meshes[148] with a spacing of 0.25 Å−1 were
used for integrations over the Brillouin zones of the models. The plane wave kinetic energy cutoff
was chosen to be 400 eV, and the atoms and unit cell parameters were simultaneously relaxed until
the residual forces were smaller than 0.01 eV Å−1.
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5.1.2. Materials and Synthesis of Polymers
Materials: CdCl2.2.5H2O (99%) and ZnCl2 (98%) were procured from Acros Organic.
Triethylamine (99%) was purchased from Fisher Scientific. Malonic acid (99%), Succinic acid
(99%), Glutaric acid (99%), Adipic Acid (99%), Pimelic acid (98%), Suberic acid (99%), Azelaic
acid (98%), Sebacic acid (98%), Trifluoroacetic acid (99.5%) and 1,2-Dichloroethane 99.8+ %
was procured from Acros Organic. Deionized water was collected from the Millipore purification
system. Acetic acid-d4 (99.5%) was purchased from Cambridge Isotope laboratories, Inc. All
commercially available chemicals and solvents were of reagent grade and were used as received
without further purification. Quartz glass slides (3”x1”x1 mm) were procured from Ted Pella, Inc.
Synthetic Scheme: Several synthetic routes have been proposed in the literatures for various
Zn(II)- and Cd(II)-systems coordinated into the metal organic polymeric framework.[149–157]
Here, a series of Zn(II) and Cd(II) aliphatic coordination complex polyesters were synthesized
using a two-phase interfacial reaction as shown in Scheme 1A starting with metal chlorides and
diacids. Metal chlorides were chosen for their labile metal and chlorine bond, which made the
chloride a better leaving group. Moreover, metal chloride typically shows high solubility in polar
solvents like water, e.g. CdCl2.H2O has solubility of around 119.6 g/100 mL (0 °C) and ZnCl2 has
432.0 g/100 g (25 °C).
Two sets of reactions were designed, one for zinc polymers and the other with zinc replaced by
cadmium using metal chloride and various aliphatic diacid systems. Diacids ranging from 1 to 8 CH2- spacers were taken in stoichiometric ratios in non-polar 1,2-dichloroethane (1,2-DCE) and
then deprotonated with triethylamine. For simplicity, polymers were named as Z1-Z8 and C1-C8
where, Z stands for Zn(II)-coordination polyester(s) and C stands for Cd(II)-coordination
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polyesters(s), respectively; where the digit indicates the number of methylene spacers in the
corresponding various diacids system.

Scheme (I). (A) General reaction scheme for the Zn- and Cd-systems with different di-acids. (B)
Possible modes of interaction between carboxylate group (COO-) and metal, M; ionic or
uncoordinated form (left), unidentate coordination (Mode 1), bidentate bridging coordination
(Mode 2) and bidentate chelating coordination (Mode 3).

The synthetic scheme was slightly modified from the Sn-polyester system. Instead of adopting
emulsion polymerization technique we adopted purely interfacial polymerization. This technique
helped us to hope for high molecular weight polymers with minimal to negligible amount of
impurities. The reaction was carried out both in 1:1 stoichiometric ratios of two reagents as well
as two solvent systems. Water was chosen as polar solvent for metal chloride dissolution and 1,2DCE was chosen as non-polar solvent for acid dissolution. Triethylamine (TEA) was added into
the acid solution which helped to complete the dissolution of diacid in non-polar solvent. TEA
acted as base to deprotonate the diacid to free the carboxylate part available for metal coordination
and it also acted as scavengers of the by-product. Due to its high affinity towards hydrogen
chloride, a by-product of the reaction, TEA forms a salt which also facilitate the reaction to forward
direction and helps us to achieve high yield. Moreover, TEA-HCl salt has extremely high solubility
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in water and could be washed off easily. The detailed synthetic schemes were described in the
following section for all sixteen polymers.

Poly(zinc(II)malonate) Z1: For the synthesis of poly (zinc malonate) Z1 1.4056 g (10.31 mmol)
of ZnCl2 was dissolved in 18 mL of deionized water (DI) in a round bottomed flask. To a second
flask, 1.1105 g (10.67 mmol) of malonic acid (C3H4O4) and 2.2124 g (21.86 mmol) of
trimethylamine (TEA) were added in 20 mL 1,2-dichloroethane (1,2-DCE) and stirred until
dissolution. The aqueous phase was then added slowly to the organic phase and allowed to react
until precipitation occurred under ambient conditions. The precipitate was then filtered and
washed with 100 mL of a 1:1 mixture of water and 1,2-DCE and dried in vacuo (30 in. Hg) at 80
°C for 24 hours. Yield: 0.890g, 53%. 1H NMR (400 MHz, acetic acid-d4, δ): 3.53 (d, J = 6.1Hz,
2H). FTIR (ATR): ν = 1525 (vs; νas(C=O)), 1443 (vs), 1389 (vs), 1311 (m), 1247 (s), 1203 (w),
970 (w), 957 (s), 901 (m), 804 (s), 709 (vs), 590 (m), 549 (w), 431 cm-1 (w); Mn (1H NMR): 47,944
g mol-1.

Poly (zinc(II)succinate) Z2: For the reaction 1.4112 g (10.35 mmol) of ZnCl2 was dissolved in
18 mL of water and reacted as the procedure mentioned above with 1.1886 g (10.07 mmol) of
succinic acid (C4H6O4) and 2.065 g (20.41 mmol) of TEA in a 20 mL 1,2-DCE and stirred until
the precipitation occurred, washed and dried. Yield: 1.3475, 74%. 1H NMR (300 MHz, Acetic
Acid-d4, δ): 2.69 (s, 4H). FTIR (ATR): ν = 1535 (vs; νas(C=O)), 1445 (vs), 1387 (vs), 1309 (s),
1203 (m), 1068 (w), 992 (w), 970 (m), 900 (s), 715 (vs), 607 (s), 576 (m), 548 (s), 429(s) cm-1; Mn
(1H-NMR): 43,817 g mol-1.
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Poly (zinc(II)glutarate) Z3: For the reaction 1.3956 g (10.24 mmol) of ZnCl2 was dissolved in
18 mL of water and reacted with 1.3312 g (10.08 mmol) of glutaric acid (C5H8O4) and 2.2206 g
(21.94 mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and
dried. Yield: 1.628, 83%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 2.46 (t, J = 7.4 Hz, 4H), 1.94
(p, J = 7.4 Hz, 2H). FTIR (ATR): ν = 2945 (w; CH), 1585 (w), 1527 (vs; νas(C=O)), 1441 (s), 1402
(vs), 1359 (m), 1337 (w), 1304 (m), 1226 (w), 1208 (m), 1104 (w), 1074 (w), 919 (m), 833 (s),
768 (s), 684 (m), 561 (m), 505 (m), 409 (s) cm-1, Mn (1H NMR): 55,654 g mol-1.

Poly (zinc(II)adipate) Z4: For the reaction 1.3866 g (10.17 mmol) of ZnCl2 was dissolved in 18
mL of water and reacted with 1.4772 g (10.11 mmol) of adipic acid (C6H10O4) and 2.1106 g (20.85
mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and dried.
Yield: 1.806g, 86%. 1H NMR (400 MHz, Acetic Acid-d4, δ): 2.40 (m, 4H), 1.68 (m, 4H). FTIR
(ATR): ν = 2949 (w; CH), 1588 (w), 1527 (vs; νas(C=O)), 1444 (vs), 1399 (vs), 1339 (s), 1220
(m), 947 (w), 905 (w), 739 (s), 579 (w), 525 (m), 448 (vs) cm-1; Mn (1H NMR): 76,146 g mol-1.

Poly (zinc(II)pimelate) Z5: For the reaction 1.4112 g (10.36 mmol) of ZnCl2 was dissolved in 18
mL of water and reacted with 1.7215 g (10.75 mmol) of pimelic acid (C7H12O4) and 2.3268 g
(22.98 mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and
dried. Yield: 1.995g, 89%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 2.38 (t, J = 7.5 Hz, 4H), 1.65
(p, J = 7.5 Hz, 4H), 1.43 (m, 2H). FTIR (ATR): ν = 2925 (m; CH), 2850 (w), 1590 (w), 1528 (vs;
νas(C=O)), 1452 (vs), 1397 (vs), 1325 (m), 1270 (w), 1199 (w), 1092 (w), 952 (w), 839 (w), 740
(s), 580 (m), 562 (m), 452 (s) cm-1; Mn (1H NMR): 59,774 g mol-1.
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Poly (zinc(II)suberate) Z6: For the reaction 1.4202g (10.42 mmol) of ZnCl2 was dissolved in 18
mL of water and reacted with 1.8865 g (10.83 mmol) of suberic acid (C8H14O4) and 2.3122 g
(22.85 mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and
dried. Yield: 2.1438g, 90%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 2.37 (t, J = 7.5 Hz, 4H), 1.62
(m, 4H), 1.37 (m, 4H). FTIR (ATR): ν = 2926 (m; CH), 2849 (w), 1529 (vs), 1446 (vs; νas(C=O)),
1389 (vs), 1301 (m), 1206 (m), 1013 (w), 956 (w), 799 (m), 752 (s), 578 (w), 541 (w), 426 (vs)
cm-1; Mn (1H NMR): 49,149 g mol-1.

Poly (zinc(II)azelate) Z7: For the reaction 1.4012 g (10.28 mmol) of ZnCl2 was dissolved in 18
mL of water and reacted with 1.9782 g (10.51 mmol) of azelaic acid (C9H16O4) and 2.2886 g (22.62
mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and dried.
Yield: 2.2699g, 90%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 2.36 (t, J = 7.5 Hz, 4H), 1.62 (q, J
= 7.1 Hz, 4H), 1.33 (m, 6H). FTIR (ATR): ν = 2925 (s; CH), 2848 (w), 1527 (vs; νas(C=O)), 1450
(vs), 1397 (vs), 1353 (m), 1284 (w), 1242 (w), 1101 (m), 1009 (w), 954 (w), 899 (w), 773 (m),
746 (s), 723 (m), 578 (w), 479 (w), 426 (s) cm-1, Mn (1H NMR): 81,907g mol-1.

Poly (zinc(II)sebacate) Z8: For the reaction 1.4226 g (10.44 mmol) of ZnCl2 was dissolved in 18
mL of water and reacted with 2.2145 g (10.95 mmol) of adipic acid (C6H10O4) and 2.2216 g (21.95
mmol) of TEA in a 20 mL 1,2-DCE and stirred until the precipitation occurred, washed and dried.
Yield: 2.4228g, 91%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 2.36 (t, J = 7.5 Hz, 4H), 1.61 (q, J
= 7.2 Hz, 4H), 1.32 (m, 8H). FTIR (ATR): ν = 2924 (s; CH), 2912(m), 2849(m), 1589 (s), 1528
(vs; νas(C=O)), 1453 (vs), 1409 (m), 1389 (s), 1342 (m), 1271 (m), 1199 (w), 1047 (w), 950 (w),
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853 (w), 742 (s), 721 (m), 580 (w), 561 (w), 454 (m), 410 (w) cm-1; Mn (1H NMR): 87,054 g mol1

.

Poly (cadmium(II)malonate) C1: For the reaction 2.3112 g (10.12 mmol) of CdCl2.2.5H2O was
dissolved in 18 mL of water and reacted with 1.2122 g (11.65 mmol) of malonic acid (C3H4O4)
and 2.2216 g (21.95 mmol) of TEA in a 20 mL 1, 2-DCE and stirred until the precipitation
occurred, washed and dried. Yield: 1.1796g, 55%. 1H NMR (300 MHz, Acetic Acid-d4, δ): 3.52
(d, J = 4.5 Hz, 2H). FTIR (ATR): ν = 3369 (s; OH), 2920 (w; CH), 1547 (vs; νas(C=O)), 1434 (s),
1334 (vs), 1269 (m), 1160 (m), 963 (s), 813 (w), 709 (vs), 658 (m), 630 (w), 590 (s) cm-1; Mn (1H
NMR): 55,142 g mol-1.

Poly (cadmium(II)succinate) C2: For the reaction 2.3668 g (10.36 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.2426 g
(10.52 mmol) of succinic acid (C4H6O4) and 2.2168 g (21.91 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 1.6452g, 72%. 1H NMR (400
MHz, Acetic Acid-d4, δ): 2.69 (s, 4H). FTIR (ATR): ν = 3548 (s; OH), 3510 (s), 3477 (s), 1549
(vs; νas(C=O)), 1446 (s), 1367 (vs), 1270 (w), 1159 (w), 965 (m), 888 (s), 825 (w), 722 (vs), 709
(s), 660 (m), 612 (vs), 455 (w), 422 (w) cm-1; Mn (1H NMR): 57,243 g mol-1.

Poly (cadmium(II)glutarate) C3: For the reaction 2.3668 g (10.36 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.3866 g
(10.49 mmol) of glutaric acid (C5H8O4) and 2.1336 g (21.09 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 1.8917g, 78%. 1H NMR (300
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MHz, Acetic Acid-d4, δ): 2.46 (t, J = 7.4 Hz, 4H), 1.94 (p, J = 7.4 Hz, 2H). FTIR (ATR): ν = 2942
(w; CH), 1530 (vs; νas(C=O)), 1397 (vs), 1339 (m), 1277 (m), 1216 (m), 1158 (m), 1061 (w), 917
(w), 880 (w), 728 (w), 642 (m), 545 (m), 407 (w) cm-1; Mn (1H NMR): 70,557 g mol-1.

Poly (cadmium(II)adipate) C4: For the reaction 2.4122 g (10.56 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.5582 g
(10.66 mmol) of adipic acid (C5H8O4) and 2.2046 g (21.78 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 2.1037g, 82%. 1H NMR (300
MHz, Acetic Acid-d4, δ): 2.40 (t, J = 7.0 Hz, 4H), 1.68 (m, 4H). FTIR (ATR): ν = 3519 (vs; OH),
2920 (w; CH), 1527 (vs; νas(C=O)), 1461 (m), 1427 (s), 1408 (vs), 1327 (s), 1304 (m), 1214 (s),
1167 (w), 946 (w), 913 (w), 785 (w), 734 (s), 584 (m), 517 (s), 406(s) cm-1; Mn (1H NMR): 87,556
g mol-1.

Poly (cadmium(II)pimelate) C5: For the reaction 2.3826 g (10.43 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.7112 g
(10.68 mmol) of pimelic acid (C5H8O4) and 2.1266 g (21.02 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 2.3011g, 85%. 1H NMR (400
MHz, Acetic Acid-d4, δ): 2.38 (t, J = 7.5 Hz, 4H), 1.65 (p, J = 7.5 Hz, 4H), 1.40 (p, J = 7.6 Hz,
2H). FTIR (ATR): ν = 3519 (s; OH), 2930 (m; CH), 1525 (vs; νas(C=O)), 1463 (m), 1429 (m),
1408 (vs), 1301 (s), 1260 (w), 1208 (m), 1090 (m), 950 (m), 849 (m), 726 (vs), 584 (w), 493 (m),
443 (s) cm-1; Mn (1H NMR): 44,914 g mol-1.
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Poly (cadmium(II)suberate) C6: For the reaction 2.2416 g (9.82 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.7411 g
(9.99 mmol) of suberic acid (C5H8O4) and 2.1122 g (20.87 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 2.3907g, 84%. 1H NMR (400
MHz, Acetic Acid-d4, δ): 2.37 (t, J = 7.5 Hz, 4H), 1.63 (p, J = 7.3 Hz, 4H), 1.36 (m, 4H). FTIR
(ATR): ν = 2942 (m; CH), 2854 (m), 1534 (vs; νas(C=O)), 1472 (m), 1417 (vs), 1390 (vs), 1351
(s), 1283 (vs), 1196 (s), 1130 (m), 1060 (w), 1014 (m), 970 (m), 938 (m), 811 (s), 715 (s), 599 (s),
522 (s), 416(vs) cm-1; Mn (1H NMR): 47,588 g mol-1.

Poly (cadmium(II)azelate) C7: For the reaction 2.3426 g (10.26 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.9566 g
(10.39 mmol) of azelaic acid (C5H8O4) and 2.2621 g (22.35 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. Yield: 2.9473g, 87%. 1H NMR (400
MHz, Acetic Acid-d4, δ): 2.36 (t, J = 7.5 Hz, 4H), 1.63 (p, J = 7.3 Hz, 4H), 1.34 (m, 6H). FTIR
(ATR): ν = 2941 (m; CH), 2854 (m), 1534 (vs; νas(C=O)), 1422 (vs), 1395 (vs), 1334 (s), 1308
(m), 1270 (s), 1230 (m), 1192 (m), 1104 (m), 1055 (w), 1007 (w), 904 (m), 786 (w), 777 (m), 710
(vs), 599(s), 542(m), 528(m), 460 cm-1; Mn (1H NMR): 56,328 g mol-1.

Poly (cadmium(II)sebacate) C8: For the reaction 2.1026 g (9.21 mmol) of cadmium chloride
hemipentahydrate (CdCl2.2.5H2O) was dissolved in 18 mL of water and reacted with 1.9876 g
(9.83 mmol) of azelaic acid (C5H8O4) and 2.0114 g (19.88 mmol) of TEA in a 20 mL 1,2-DCE
and stirred until the precipitation occurred, washed and dried. 1H NMR (300 MHz, Acetic Acidd4, δ): 2.36 (t, J = 7.5 Hz, 4H), 1.63 (p, J = 7.1 Hz, 4H), 1.32 (m, 8H). Yield: 2.4701g, 79%. FTIR
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(ATR): ν = 2939 (s; CH), 2853(m), 1692 (w), 1535 (vs; νas(C=O)), 1424 (vs), 1392 (s), 1323 (vs),
1258 (s), 1190 (m), 1123 (m), 1051 (m), 1001 (m), 928 (m), 858 (m), 755 (m), 709 (s), 601 (m),
549 (s), 425 (m) cm-1; Mn (1H NMR): 51,909 g mol-1.
Their detailed FTIR and 1H NMR spectra are shown in subsequent section.

5.1.3. General Properties
Polymers formed as white precipitate from the interfacial region. Their precipitation timing varies
and a trend is found shown in the Figure. Higher number of methylene spacer containing diacid
reacted faster than smaller number of methylene spacer diacid. Initial concentration of each system
was taken same with similar stoichiometry. In both Zn(II)- and Cd(II)-coordination polymers
exhibited a trend in their reactivity towards the aliphatic carboxylate ligands, shown in the Figure
5.2. A clear shift in times was observed between the diacids containing 4 to 8 -CH2- spacers which
precipitated out faster compared to the diacids with 1 to 3 -CH2- spacers. Accounting for both the
percent yield verses -CH2- spacer length and the precipitation times, the longer aliphatic diacids
showed a higher reactivity towards the metal centers in comparison to the shorter diacids which
have lower reactivity to grow as chains and take longer to precipitate. This might be due to the fact
that long chain ends can orient themselves as bidentate ligands towards the metal center more
easily than the shorter chains due to their flexibility. However, early precipitation of longer chain
units could also be attributed to cyclization as well as formation of oligomers, which was restricted
for the shorter chain units due to ring strain.[158] It was found that both the reactivity and yields
were higher with the transition 3d10 metal Zn(II) than with the 4d10 metal Cd(II). All of the
synthesized polymers were white in color and did not show any degradation phenomenon in
ambient conditions. However, C1-C5 systems showed the tendency to absorb moisture, which was
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evident in the Thermo Gravimetric Analysis (TGA) and also with FTIR shown in later section.
Polymers exhibited solubility in trifluoroacetic acid and mixed solvent of trifluoroacetic acid and
glacial acetic acid. When dissolved in trifluoroacetic acid (TFA) and mixed solvent trifluoroacetic
acid and acetic acid, there was no evidence of significant chain end degradation from the time of
addition to 7 days indicating that polymers were stable in the acidic condition.

Figure 5.2. Reactivity of different di-acid based on their reaction time (h) and percent yield with
respect to methylene spacers in diacid.

5.1.3. Molecular Weight Determination by 1H-NMR
Solution 1H NMR (400 MHz and 300MHz) was performed using a Bruker AVANCE III 400 and
AVANCE 300 high resolution digital NMR spectrometer with acetic acid-d4. Chemical shifts are
reported in parts per million (ppm, δ) versus the chemical shift of the residual acetic acid peak
being labeled at 2.04 ppm. Splitting patterns are reported as singlet (s), doublet (d), triplet (t),
multiplet (m), etc. Number average molecular weight, Mn, were calculated from the 1H-NMR.
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Molecular weight of these polymer ranging from ca. 43,000-97,000 g mol-1 for Zn(II) and ca.
45,000-87,000 g mol-1 for Cd(II) systems. 1H-NMR were taken using acetic acid-d4. First the
integral per proton is calculated from the sum of the acid chain ends divided by the number of
protons from the chain end. Then the number of repeat units, n, is determined by dividing the
integral of the triplet at δ = 2.457 ppm by the number of protons, 4, and dividing by the integral
per proton; for malonate the number of protons, 2. The Mn is then calculated from the sum of the
FWchain end + (FWrepeat unit)(n). Figure 5.3 -5.5. illustrates the 1H-NMR spectra for Z1-Z8 and
C1-C8 with the detailed spectra of Z3 and C3.

Figure 5.3. 1H-NMR spectra for Z1-Z8
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Figure 5.4. 1H-NMR spectra for Z5-Z8, C1-C2
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Figure 5.5. 1H-NMR spectra of C3-C8.
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5.1.4. Structural Characterization by DFT and FTIR
Fourier Transform Infrared (FTIR) spectra were collected on powder samples using a Nicolet
Magna 560 FTIR spectrometer with a Specac Quest Diamond Attenuated Total Reflectance (ATR)
accessory (resolution 0.35 cm-1) with 32 scans and are reported in wavenumbers (cm-1) from 400
to 4000 cm-1. Since the Zn- and Cd-systems model were taken as ideal, three-dimensional
crystalline materials, and since there is no prior knowledge of their ground state structures the
Minima Hopping algorithm[74,75] was used to explore low energy regions of the configurational
space. As this method employs zero constraints on atom positions or cell shapes, unknown
structural motifs can readily be obtained starting from any initial structure. As this method employs
zero constraints on atom positions or cell shapes, unknown structural motifs can readily be
obtained starting from any initial structure. A number of structural motifs were predicted for each
of the Zn(II)- and Cd(II)-systems, from a single -CH2- as the spacer to 8 -CH2- spacers, of which
8 to 10 low energy structures were selected for each. In general, it was observed from the obtained
structures that the Zn/Cd atom exists in either a 4-fold or a 6-fold coordination. The metal atoms
link together -COO- groups of different chains to either form two-dimensional or threedimensional networks; three unique kinds of motifs thus seen across the different Zn- and Cdsystems are shown in Figure 5.6. Once the most stable structures were predicted for any given
composition of the Zn(II)- or Cd(II)-coordination systems and the dielectric constants were
calculated for each of them within the density functional perturbation theory (DFPT)[159]
formalism as implemented in VASP. Two kinds of dielectric tensors were obtained from a DFPT
computation, corresponding to the electronic contribution and the ionic contribution, and the
reported (electronic and ionic) dielectric constant values were the traces of these tensors.
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Figure 5.6. 4-fold and 6-fold coordination features of Zn and Cd polymers.
The total dielectric constant values were obtained as the sum of the two components. The dielectric
constant was seen to depend on the structural motif, and the final values we reported for each
system were an average of the overall low energy structures. Furthermore, the FTIR spectra for
the structures were also computed for a direct comparison with the experimentally obtained
spectra. For any given structural motif, FTIR intensities for different frequency modes were
calculated utilizing the DFPT computations, given as a function of Born effective charge tensors
and phonon mode eigenvectors for all the atoms in the system.[78]
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Figure 5.7. Calculated and experimental IR of Zn systems.

In the experimental FTIR spectra, the expected strong absorption bands were observed for C-O
were found in all the cases in the range of 1525-1560 cm-1 while symmetric bridging and nonbridging occurred at 1410-1453 cm-1 and 1322-1398 cm-1, respectively [160]; whereas,
uncoordinated carboxylic acid (C-O) typically shows around 1725–1700 cm−1. The sharp peaks at
the region 411-454 cm-1 were attributed to the Zn-O bond[161] while the peaks at 584-517 cm-1
were associated with the Cd-O bond.[162] All of the coordination systems showed multiple
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stretching bands in the finger-print region at 1300-1000 cm-1

indicative of the ester

formation.[163]

Figure 5.8. Calculated and experimental IR of Cd systems.

The splitting of asymmetric (νas) and symmetric (νs) bands of CO is suggestive of the
nonequivalence of the carboxylate oxygen donor atom with three possible modes of
coordination.[164] Bonding mode of different polymers using FTIR spectral data are tabulated
below to understand their coordination environment.
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Table 5.2. FTIR determined binding mode of Zn(II)-coordination complex polymers with different
diacids. MO = mode of coordination. Bidentate bridging coordination (Mode 2) and bidentate
chelating coordination (Mode 3).
Polymer

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

νas COO(cm-1)

1525

1535

1527

1528

1528

1530

1527

1529

νs COO(cm-1)

1443,
1389

1445,
1386

1441,
1402

1444,
1399

1451,
1398

1446,
1398

1450,
1397

1453,
1398

Δν (cm-1)

82,136

90, 149

84, 124

84, 129

77, 130

84, 132

77, 130

76, 131

MO

3, 2

3, 2

3, 2

3, 2

3, 2

3, 2

3, 2

3, 2

Table 5.3. FTIR determined binding mode of Cd(II)-coordination complex polymers with
different diacids. MO = mode of coordination. Bidentate bridging coordination (Mode 2) and
bidentate chelating coordination (Mode 3).
Polymer

C1

C2

C3

C4

C5

C6

C7

C8

νas COO(cm-1)

1547

1549

1531

1527

1525

1535

1534

1535

νs COO(cm-1)

1434

1445,
1367

1395

1427,
1408

1463,
1409

1418,
1391

1423,
1398

1424,
1392

Δν (cm-1)

113

104, 182

136

66, 119

62, 116

117, 144

111, 136

111, 143

MO

2

3, 2

2

3, 2

3, 2

3, 2

3, 2

3, 2

In Scheme 3, four different kinds of interactions are shown. The first interaction shows an
uncoordinated carboxylate ion (left) while, Mode A refers to unidentate inter chain metal-ligand
interaction. The other two modes depict whether the two oxygens are coordinated with the same
metal (intrachain motif) or different (interchain motif) as in Mode B and C are referred as bidentate
chelation and bridging metal-ligand interaction, respectively.
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The difference in wavenumbers between asymmetric (νas) and symmetric (νs) carboxylate
stretching bands, Δν (cm-1) = νasCOO- (cm-1) - νsCOO- (cm-1), correspond to the different modes
of interaction. In Table 5.2-5.3, the difference in asymmetric and symmetric stretching bands of
COO- were listed for each Cd(II)-and Zn(II)-coordination polymers and evaluated for their
possible coordination mode[165] of interaction. Modes A, B, and C have different band
frequencies relative to the uncoordinated carboxylate ion generally considered as sodium or
potassium salts, where the frequencies of the bands are highly sensitive to the reaction conditions,
the nature of the ligand and the identity of the metal ion.[166] Therefore, the separation of the
bands is also indicative of the structure of a given carboxylate, whether it be inter, intra or hybrid.
In all of the Zn(II)-and Cd(II)-coordination polymers, a shift in the absorption peaks at a lower
frequency region was present for both symmetric and asymmetric stretching; where, the
asymmetric stretching changed to a greater extent than the symmetric one, which is suggestive of
a bidentate mode of coordination[167] (B, or C). It has been suggested that Δν is generally smaller
in chelating than in bridging compounds.[168] In comparison, when it is in the free ion form, a
large difference (Δν) in the band’s frequencies is often an indication of monodentate coordination
in a metal carboxylate; the asymmetric stretching frequency increases and the symmetric
frequency decreases due to the breakdown inequality of the carbonyl group.[167] Splitting
occurred in most bands of symmetric stretching which might be due to a vibrational coupling
involving the carboxylate groups coordinated to the zinc or cadmium ion. [169] Thus, a general
trend for band separation values can be summarized as: uncoordinated acid > unidentate
coordination > bi-dentate (bridging>chelating) coordination. Therefore, the values listed in Table
5.2-5.3; suggest the mode of coordination for each system as assigned according to the above
evidence.
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The FTIR spectral analysis showed the presence of a bidentate bridging or –inter chain motif
(Mode B) and chelation (Mode C) or -intra chain motif mode of interaction between the metal
carboxylate groups for all of the Zn(II) coordination polymers. However, Z1 preferred a bridging
mode of action. The Cd(II)-polymers preferred bridging for 1 -CH2-, 2 -CH2- and 3 -CH2- spacers;
while the presence of bridging (Mode B) and chelation (Mode C) were evident in rest of the
materials. With the incorporation of more -CH2- spacers, a three-dimensional network was
possible due to the flexibility of the aliphatic chain within the coordination environment. This
network was also found in the DFT modeling as 4-fold and 6-fold coordination within the possible
two- or three-dimensional complex network. From the FTIR spectra, it was evident that there was
no presence of the OH stretching band due to H2O molecule in the Zn(II) polymers, however;
Cd(II) polymers with 1 -CH2- to 5 -CH2- have different inter and intra-chain hydrogen bonding
due to bind H2O molecule. The Cd(II)-coordination polymers showed a greater tendency to absorb
water than the Zn(II)-coordination polymer, which was due to the larger size of Cd(II) (r ~ 0.95
Å) compared to the Zn(II) (r ~ 0.74 Å) metal centers allowing small molecules to interact as bound
water or loosely bound water in the crystal lattice. Moreover, C2, tends to bind with
trimethylamine in every one out of twelve units, evident in the 1H-NMR spectrum, which was
absent in the Z2. Larger size of the metal center in Cd(II) compared to that in Zn(II)- was enables
it to bind this additional ligand.[170] Moreover, short aliphatic chain segment prohibited it to form
cyclic oligomer and oriented as long 3D motif with 6-fold coordination. Similarly, the unhindered
chains with fewer -CH2- unit spacers might give a greater capability of having strong or loosely
bound H2O molecules within the coordination environment as found in C1-C5. This phenomenon
was not obvious for all cases therefore the structures of these systems could not be considered
similar. Bands at ca. 3500-3530 cm-1 for the C1-C5 systems were indicative of intramolecular H
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bonding.[171–173] The presence of water in the polymeric structure of C1, C2 and C3 were also
previously reported.[174] This phenomenon was also confirmed by the thermal analysis described
in a subsequent section.

5.1.7. X-Ray Diffraction Study
X-ray Diffraction (XRD) patterns were collected on a Bruker D2 Phaser with Cu-Kα (λ = 1.54184
Å) source beam. The effect of the number of methylene spacers per unit volume is evident in XRay Diffraction (XRD) patterns shown in Figure 5.9. Both Zn(II)- and Cd(II)-polyesters exhibited
a crystalline nature in their pattern with the exception of the C1, C2 and C3, which showed semicrystalline nature. This exception suggests a random orientation in the coordinated polymeric chain
of C1, which appears to be more amorphous in nature when compared to C2 and C3 as the
diffraction pattern shows a greater lack of crystallinity. A smaller aliphatic spacer in C1 might
impart more intrinsic strain to arrange itself to form an extended polymeric chain in a more random
fashion. Similarly, Z1 and Z2 showed lower crystallinity compared to other systems. Increasing
the number of methylene spacers in the polymer repeat unit can be attributed with a fact of
increasing the d spacing as shown in the XRD pattern, which is listed in Table 5.4 for the most
intense peak of the pattern in both systems.
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Figure 5.9. Comparison of XRD pattern of the Zn and Cd systems.

The shifting of this peak as shown with an arrow in Figure 5.9. for Z3-Z8 and C4-C8. It is also
evident that Z3 followed a similar decreasing trend unlike C3, which was indicative of the semicrystalline nature of its powder form.
Table 5.4. Tabulated d-spacing with a corresponding angle in theta (θ) for the most intense peak
of the Zn(II)-polymers, showing their trend of d-spacing with increasing number of aliphatic -CH2spacer.
Spacers

1 -CH2-

2 -CH2-

3 -CH2-

4 -CH2-

5 -CH2-

6 -CH2-

7 -CH2-

8 -CH2-

Angle (θ)

8.6913

16.601

6.3648

5.4646

4.7363

4.1799

3.7855

3.6539

d-spacing

10.162

5.3336

13.870

16.153

18.635

21.114

23.313

24.152
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Table 5.5. Tabulated d-spacing with a corresponding angle in theta (θ) for the most intense peak
of the Cd(II)-polymers, showing their trend of d-spacing with increasing number of aliphatic CH2- spacer.
Spacers

1 -CH2-

2 -CH2-

3 -CH2-

4 -CH2-

5 -CH2-

6 -CH2-

7 -CH2-

8 -CH2-

Angle (θ)

14.7705

14.7299

5.0903

4.9993

4.2609

3.5022

3.1889

2.5994

d-spacing

5.9904

6.0067

17.340

17.655

20.713

25.198

27.674

33.948

5.1.7. Thermal Analysis
Thermogravimetric Analysis (TGA) was performed using a TA instruments TGA Q500 with a
heating rate of 10 °C per minute from 25 °C to 600 °C under nitrogen atmosphere. All polymers
were tested for their onset of degradation (Td) via Thermogravimetric Analysis (TGA), as found
in Table 5.6. It was found that the Zn(II)-polyesters were thermally more stable than the Cd(II)polyesters, despite the low degradation of Z1.
Table 5.6. Thermal data from TGA showing temperature at onset of degradation (Td) and
temperature at 5% weight loss (T5%) for Zn(II)-polyester(s).
Polyester(s)

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

Td (°C)

164

327

315

326

332

327

303

311

T5% (°C)

215

419

360

370

355

361

345

333

Table 5.7. Thermal data from TGA showing temperature at onset of degradation (Td) and
temperature at 5% weight loss (T5%) for Cd(II)-polyester(s).
Polyester(s)

C1

C2

C3

C4

C5

C6

C7

C8

Td (°C)

263

317

310

245

233

293

273

280

T5% (°C)

271

196

210

279

296

328

293

301

C1-C5 polymers showed a tendency to absorb ~ 0.5% water by wt. in 1h if left in open atmosphere
for C1. This phenomenon is evident in the FTIR spectrum in Figure 5.11. and also, by TGA
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shown in Figure 5.10. for C4-C5 polymers. The Cd(II)-coordination polymers showed a greater
tendency to absorb water than the Zn(II)-coordination polymers, which was due to the larger size
of the metal center of Cd(II) (r ≈ 0.95 Å) compared to the Zn(II) (r ≈ 0.74 Å). That larger size
allowed small water molecules to interact as bound water or loosely bound water in the crystal
lattice. C1 and C2 showed initial weight loss at 104 °C and 161 °C, respectively, which might be
associated with loosely bound water or free water. For the C3 system, initial weight loss was found
at ca. 100 °C, which continued to increase until 210 °C. This could be explained by the initial loss
of free water, which gradually started to eliminate loosely bound water above 100 °C and finally
bound water up to ca. 210 °C, as the elimination of bound water molecules has been known to take
place between 150–250 °C.115 Similarly, for C4 and C5, ca. 2% weight loss could be associated
with all three possible forms of water binding at 150-250 °C. In order to further understand if freely
bound water was present in the Cd(II)- polyester(s), a cyclic thermo-gravimetric study was
performed along with FTIR. The previously oven dried C1 sample was heated to 150 °C in the
TGA analyzer under an inert atmosphere and held for 1 hour at that temperature to remove any
absorbed water. Approximately 5.5 % of the weight loss was observed in the first cycle of the TGA
run due to the absorbed water shown in Fig. S9, which was not found after a second heating cycle
up to 150 °C under an inert nitrogen atmosphere. This process was run again with the same sample
after allowing the sample to rest in the atmosphere for 1 h. This time, ca. 0.5% of water was
absorbed, indicating the hygroscopic nature of the C1 polymer.
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Figure 5.10. TGA thermograms of Zn and Cd polyesters.
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The appearance of –OH stretching as a broad band at 3376 cm-1 in the FTIR before the thermal
treatment is indicative of the absorbed moisture, which was absent after the thermal treatment
showing in the inset of Figure 5.11. The band at 3519 cm-1 was assigned to hydrogen bonding due
to the strongly bound water, which disappeared after heating to 150 °C.

Figure 5.11. (A) Thermal analysis of C1 polymer showing the absorption of moisture. (B) Inset
is the FTIR of C1 polymer showing appearance and disappearance of -OH band before and after
heat treatment.

Differential Scanning Calorimetry (DSC) was performed on a TA instruments DSC Q20 with an
initial heating cycle rate of 30 °C per minute, followed by a cooling cycle of 30 °C min -1 for
eliminating any previous thermal history, then by a second heating cycle of 10 °C per minute up
to their degradation temperature to see if there was any thermal transition before degradtion.
Second cycle are shown in Figure 5.12. and appearance of thermal transitions via DSC. No thermal
transition was observed for all these systems as apparent as in Figure 5.12. for Z1-Z8 and C1-C8.
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Figure 5.12. DSC thermograms of the Z1-Z8 and C1-C8 polymers.
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5.1.4. Dielectric Spectroscopy
All pellets are made by pressing the sample in a Carver Laboratory Press with a pressure of 15,000
pound-force per square inch (1 x 105 kPa) via a hydraulic press at room temperature, then dried
the pellets in a vacuum oven again for 2 hours before taking the final electrical measurements.
Frequency-dependent capacitance and dissipation factors (tan δ) were measured using an Agilent
4284A Precision LCR meter sweeping from 20 Hz to 1 MHz in a pressed pellet form, sandwiched
in between two silicone electrodes, and the effect of water on electrical properties was monitored
in different temperatures in the same LCR meter connected with an insulated oven purged with
nitrogen. Conductivity is estimated by using the equation tan δ = σ/2πfԑԑₒ; where σ stands for the
conductivity, f is corresponding frequency in Hz, ԑ is the measured dielectric constant and ԑₒ is the
vacuum permittivity (~ 8.85x10-12 F/m).

A comparison of the experimental dielectric properties of these sixteen polymeric systems to their
theoretical calculations was done by testing the polymers as pressed pellets at ambient conditions
of 25 °C in air. Pellets were dried in vacuo (30 in. Hg) at 100 °C overnight to ensure desorption of
any water molecule. All measurements were done immediately after drying. To determine their
dielectric constants (ε) and dissipation factors (tan δ), frequency domain spectroscopy from 201M Hz was carried out, as shown in Figure 5.13. 3A and 3C for the Zn(II)-polyesters and Figure
5.13. 3B and 3D for the Cd(II)-polyesters. For dielectric spectroscopy measurements, pressed
pellets were sandwiched between two conductive silicone electrodes and compressed to ensure no
air was present between the electrodes and the pellet. The dielectric constant was calculated from
the measured capacitance by equation below, where ε = Cd / εo A
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ε is the relative dielectric constant of the capacitor, C is the capacitance (Farads), d is the thickness
of the sample (m), εo is the permittivity of free space (8.854 × 10− 12 F/m), and A is the capacitor
electrode surface area (m2). The ZnO (Sigma Aldrich, ACS, 99%) and CdO (Sigma Aldrich, trace
metal, 99.5%) were collected, and their pressed pellets were tested for dielectric spectroscopy.

Table 5.8. Measured dielectric constants (εexp), calculated total dielectric constants (εcalc),
measured dissipation factors (tan δ), and conductivity for Z1-Z8 polymers at specific frequency.
Zn(II) polymer(s)

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

εexp at 1kHz (r.t.)
εcalc

4.69

4.59

4.28

4.56

3.93

4.01

4.14

3.61

5.05

4.94

4.70

5.55

4.16

4.28

4.02

4.85

0.023

0.014

0.027

0.021

0.005

0.010

0.013

0.042

1.11

0.593

2.04

0.547

0.366

0.028

1.09

1.48

tan δexp at 1kHz (r.t.)
Conductivity (Sm-1) at
100Hz (109)

Table 5.9. Measured dielectric constants (εexp), calculated total dielectric constants (εcalc),
measured dissipation factors (tan δ), and conductivity for C1-C8 polymers at specific frequency.
Cd(II) polymer(s)

C1

C2

C3

C4

C5

C6

C7

C8

εexp at 1kHz (r.t)

6.61

6.13

5.43

5.22

4.47

4.50

4.19

4.01

εcalc

7.01

6.51

5.73

5.42

5.88

5.07

4.90

4.29

tan δexp at 1kHz (r.t)

0.041

0.155

0.171

0.145

0.006

0.012

0.002

0.016

Conductivity (Sm-1) at
100 Hz (109)

3.35

11.7

10.7

9.25

0.302

0.627

0.126

0.811

They were then compared with the dielectric properties of synthesized polymers. Of the eight
Zn(II)-polyesters systems, the highest dielectric constant at 1 kHz was found for Z1 with ca. 4.69
with loss ca. 2%, and the lowest dielectric constant was found for Z8 ca. 3.61 with loss ca. 4%.
The remaining zinc systems, Z2-Z7, exhibited dielectric constants that lied between the values
found for Z1 and Z8. Dielectric constant from ZnO pellets was found as ca. 8.61 with a high loss
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ca. 25%. The calculated dielectric constant values for the polymers shown in Table 5.8. and Table
5.9. were from the best-fit FTIR plots, and the lowest energy structures were predicted to have
slightly higher values than observed in the experimental results. Dissipation factors decrease with
increasing frequencies which is typical for most dielectric material due to the polarization and
conduction loss.[175] Initial high loss can be attributed to the mobile charges within the
polymers[175], which was much lower than the corresponding CdO. Similarly, most of the
calculated values in the remaining systems matched the experimental findings quite well.

Figure 5.13. (A) Dielectric constants, (C) corresponding dissipation factors for Zn(II)-polyester(s)
and ZnO based on dielectric loss factor; (B) dielectric constants, (D) dissipation factor for Cd(II)polyester(s) and CdO based on dielectric loss factor over the frequency range 20-1M Hz at room
temperature.
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The log-log plot in Figure 5.14. showed the estimation of the conductivity based on the dielectric
loss factors as determined by TDDS. In the frequency range tested, there is no clear indication for
the onset of DC conduction loss. The upper bound of the conductivity for both materials found to
be ~10-11 Sm-1. As we have not observed the DC conduction plateau (towards 0 Hz), the true DC
conduction could be lower. Moreover, it is clear that the conduction nature of the synthesized
polymers show better reliability over conduction curve of ZnO and CdO.

Figure 5.14. Estimated upper bound of the conductivity for Zn(II)-polyester(s) and ZnO based on
dielectric loss factor, estimated upper bound of the conductivity for Cd(II)- polyester(s) and CdO
based on dielectric loss factor over the frequency range 20-1M Hz at room temperature.

5.1.5. Effect of Water on Dielectric Spectroscopy
It has been previously reported that the presence of water can significantly affect the dielectric
properties of the system.[176] The C5 system was chosen for further investigation to observe the
effect of temperature on dielectric properties as it showed a lower average dielectric constant ca.
4.23. Temperature dependent dielectric spectroscopy was carried out on an LCR meter connected
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to a computer for measurement control and data analysis, which extended into an oven for
temperature control in an inert atmosphere.

Figure 5.54. Dielectric spectra of the C5 system at various temperatures showing dielectric
constant (ε) (filled), corresponding dissipation factor (tan δ) (hollow).

The dielectric constant increased initially when it was treated from 30 °C to 90 °C due to the
increased vibrational dipolar orientation, which subsequently caused the enhancement of charge
carrier mobility.[176,177] Similarly, the dissipation factor also increased with the increase of
temperature. After 90 °C, the dielectric constant decreased due to desorption of the dipolar water
molecule from the system. The additional ligand, which was found to be bound water, to the Cd(II)
center lead to an increase in the segmental dipole moment of the system. When the whole system
was heated to an elevated 150 °C, removal of bound water decreased the total dipole moment
leading to a lower dielectric constant.
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5.1.6. Band Gap Energy
A Cary 5000 UV-Vis-NIR was used to measure polymer band gaps. 3 wt./wt.% solution of
polymers with TFA were casted onto a quartz glass slide (Ted Pella, Inc., 3″x1″x1 mm) and dried
in vacuo at 115 °C to remove residual solvent. The UV-Vis spectrum was recorded from 750-190
nm and the onset wavelengths of absorption, λonset, were determined to calculate band gap energies
in eV using Planck’s equation. As it is previously discussed that material containing a band gap of
> 3 eV is generally considered as suitable dielectric.[178]

3 wt./wt.% solution of polymers with TFA were casted onto a quartz glass slide and dried in vacuo
at 115 °C to remove residual solvent. The UV-Vis spectrum was recorded from 750-190 nm and
the onset wavelengths of absorption, λonset, were determined, showed in Figure 5.15. and Figure
5.16. Band Gap energies for rest of the systems determined similarly. Planck’s equation, Eg =
hc/λo was used for the calculation, where, h is the Planck’s constant (4.136 x 10 -15 eV.s), c is the
speed of light in vacuum (2.998 x 1017 nm/s) and λo is determined from the onset of wavelength.

Table 5.10. Measured band gap energies (BGexp), and calculated band gap energies (BGcalc), for
Z1-Z8 polymers.
Zn(II)-polymer(s)

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

BGexp (eV)

5.67

5.47

5.49

5.51

5.42

5.21

5.53

5.57

BGcalc (eV)

6.38

6.89

6.36

6.31

6.53

6.19

6.41

6.35

Table 5.11. Measured band gap energies (BGexp), and calculated band gap energies (BGcalc), for
C1-C8 polymers.
Cd(II)-polymer(s)

C1

C2

C3

C4

C5

C6

C7

C8

BGexp (eV)

5.49

5.55

5.41

5.50

5.52

5.81

5.47

5.54

BGcalc (eV)

5.29

5.31

5.53

5.91

5.88

5.75

5.25

5.54
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For these synthesized polymers, band gaps and crystal structures were also predicted in greater
detail and with more accuracy using computations. The respective ground-state stable 3D
structural arrangements of the polymers were determined, in which the bandgap was estimated
using the Heyd–Scuseria–Ernzerhof (HSE) electronic exchange-correlation functional for purely
crystalline representation, which offers more reliable results at sufficiently higher computational
cost. While the calculated dielectric constants were found to range from 4 to 6, the bandgaps were
seen to be greater than 5 eV for all metal systems.
DFT-predicted ground-state structures are expected to be stable at room temperatures as well, and
thus, the computed values are expected to stand at higher temperatures as well with slight
differences. At higher field, electrons from the HOMO transfer to LUMO hence producing an
impact ionization to behave as conductor; which can be measured through onset of interband
optical absorption or excitation from the UV-vis spectrum. [129,130]. Therefore, experimental
optical band gap measurements were taken by scanning the UV-visible spectrum from 750-190
nm and measuring the wavelength at onset of interband optical absorption shown in Figure 5.15
and Figure 5.16. The energy band gap (Eg) is calculated from Planck’s relation (3), where h is the
Planck’s constant (4.136 x 10-15 eV.s) and c is the speed of light in vacuum (2.998 x 1015 nm/s)
Eg = hc/λonset
High optical band gap values ranging from ca. 5.21-5.67 eV for Zn(II)-polyesters and ca. 5.495.81 eV for Cd(II)-polyesters were observed and listed with the calculated values in the Table 1,
and showed close resemblance with the DFT predicted values. However, Zn(II)-polyesters showed
slightly lower experimental values when compared to the corresponding calculated band gap
energies.
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Figure 5.15. Band gap measurement of all Zn polymers from UV-Vis spectra.
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Figure 5.16. Band gap measurement of all Zn polymers from UV-Vis spectra.
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Despite slight differences in the band gap values which was anticipated for the semi-crystalline or
amorphous nature of the polymer, the measured band gaps resembled nicely with the computations
over all. Their averaged dielectric constants and band gaps are plotted in Figure 5.20. with a few
known polymers—namely polyethylene (PE), polypropylene (PP) (dielectric constant ~ 2.2 / 2.2
and bandgap ~ 7 eV), and with other common commercially available organic polymers for
comparison.

Band gap energies of metal containing polymers exceeded the typical band gap energies of the
corresponding oxides (ZnO ≈ 3.37 eV and CdO ≈ 2.28 eV) due to the incorporation of non-polar
methylene spacers inside the structure. Moreover, dielectric constant remains high for metal
containing polymer systems, simultaneously maintaining high band gap energies unlike organic
polymers. The electropositive nature of the metal atom and their easy polarizability lead to large
dipole moments within individual chain segments. Additionally, their soft nature of stretching and
wagging vibrational mode imparts higher IR intensities and hence higher ionic contributions in
their dielectric constant, which leads to high total dielectric constant without affecting the band
gap as predicted. [179]

5.1.7. Density and Effect of Metal Volume Fraction on Dielectric
Density measurements were conducted by pressing a 1-inch diameter pellet using a Carver
Laboratory Press and measuring the thickness and mass of the pellet. For each polymer six samples
were made for having an individual measurement of thickness and mass, hence to achieve a
precision in the mechanical testing of the pellet volume using the equationV = πr2h, where V is the volume, π = 3.142, r = radius of the pellet, which in this case 0.5 inch.

205

Density is then calculated from the equation ρ = m/V, where, ρ is the density and m is mass of the
polymer sample taken. Metal volume percentage was determined by relating the density of the
pellet, with the metal weight fraction as determined by 1H-NMR from the number average
molecular weight and confirmed with the weight percent collected from ICP-OES metal content
analysis. compared to a theoretical metal volume percentage calculated by the covalent volumes
inside the unit cell by DFT.

Figure 5.17. Calculated electronic, ionic and total dielectric constant contribution along with
experimental average dielectric constant for Zn and Cd polyesters.

Figure 5.17. showed the trend of the DFT generated electronic, ionic and total dielectric constant
contribution compared to the measured dielectric constant. It was evident that electronic part of
the dielectric constant was almost unaffected by the incorporation different length spacer groups.
It was the ionic dielectric constant which showed a variation by the addition of aliphatic spacers.
The trend and variation of ionic contribution much reflected with the trend and variation in
measured dielectric constant. Hence it can be argued that it is the ionic polarization which
regulating the trend in overall dielectric constant for the metal containing polymers. This ionic
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polarization is the result of the dipole moment gradient of the metal-oxygen bond, which can be
easily affected and polarized by the applied electric field.

It was also found that the dielectric constant decreases as the number of -CH2- spacers increases
for the Cd(II)-coordination polymers, as was seen above in the Zn(II)-coordination polymers,
which is similar to the trend seen in organotin aliphatic polyesters[80]. This tendency can be
correlated with both the calculated dielectric constants and the calculated volume fraction that
metals occupy within individual systems, as shown in Figure 5.18. An increase in the metal volume
fraction from 3.29 to 8.84% for Zn(II)-polyesters and 5.69 to 12.01% for Cd(II)-polyesters
improves the dielectric constant as would be expected with an increase in the ionic portion of the
dielectric constant, hence increased ionic polarization.

Figure 5.18. Calculated and averaged experimental dielectric constant over the frequency range
of 20-1M Hz as a function of methylene spacers for (A) Zn(II)- and (B) Cd(II)-polyesters.

It is also evident that the dielectric constant contribution is dependent on the polarization of the
highly electropositive metal and electronegative oxygen bond, hence the overall dielectric constant
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decreases as more non-polar -CH2- spacers enter the polymer backbone causing a decrease in metal
concentration within the unit cell. Overall both systems exhibited a trend where the systems
containing an even number of methylene spacers were more likely to show a slightly higher
dielectric constant than its adjacent odd spacers.

Figure 5.19. Plots generated from experimental and calculated data by DFT of dielectric constant
as a function of metal volume fraction in percent for 4-fold and 6-fold coordination of (C) Zn(II)and (D) Cd(II)-polyesters.

This trend matched well with the slightly higher calculated total dielectric constants observed for
all systems. The slight disparity between the calculated and experimental dielectric constant values
may be because the calculated values were found for a specific lowest energy structural
representation of the individual system; whereas, the experimental system may have a mixture of
all the possible structures in the polymeric chain. Moreover, for 7 and 8 methylene spacers there
is a high chance of chain entanglement and ring formation which might cause the slightly higher
deviation from the calculated dielectric constant value since calculated values are generated
considering the linear arrangement of chain.
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Table 5.12. Measured dielectric constants (εexp), calculated total dielectric constants (εcalc),
measured dissipation factors (tan δ), calculated metal volume fraction (MVcalc.) and measured
metal volume fraction (MVexp.) and calculated coordination numbers (CNcalc.) for Z1-Z8 polymers.

Zn(II) polymer(s)

Z1

Z2

Z3

Z4

Z5

Z6

Z7

Z8

MVcalc (%)

9.51

8.23

7.05

6.16

5.50

4.62

4.42

4.24

MVexp (%)

8.84

7.57

6.01

6.98

5.28

4.17

4.01

3.29

CNcalc.

4

4

4

4

4

4

4

6

Table 5.13. Measured dielectric constants (εexp), calculated total dielectric constants (εcalc),
measured dissipation factors (tan δ), calculated metal volume fraction (MVcalc.) and measured
metal volume fraction (MVexp.) and calculated coordination numbers (CNcalc.) for C1-C8
polymers.
Cd(II) polymer(s)

C1

C2

C3

C4

C5

C6

C7

C8

MVcalc (%)

13.8

11.8

10.0

8.53

7.72

7.01

6.34

5.74

MVexp. (%)

11.9

12.0

9.37

8.29

6.12

7.39

6.32

5.69

CNcalc.

4

6

6

6

6

6

6

6

Possible ring formation and chain entanglement due to the higher number of methylene spacers
could adversely affect the molecular weight of the polymer, structure and morphology. As such,
there can be an adverse effect to the dielectric properties due to the reduction in the overall
polarizability which depends on chain flexibility and orientation. Zn(II) being smaller than Cd(II)
would have more propensity to ring close. Further deviation in calculated vs. experimental results
can be derived from the lower crystallinity in the prepared polymers vs. the polymers being
calculated from a high crystalline structure.
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5.1.8. Expectation and Reality
DFT showed us hope to explore new materials with transition metals. Our expectation based on
DFT guided calculation became reality shown in the Figure 5.20. Experimental dielectric constants
follow similar trend as of calculated dielectric constant without sacrificing the band gap energy
while increasing the dielectric constant for metal containing polymers; while organics still shows
lower band gap energy in expense of dielectric constant.

Figure 5.20. (A) Experimental averaged dielectric constant as a function of band gap energy for
metal oxides, metal containing polyesters, and several common commercially available organic
polymers. (B) Calculated data set for organic and metal containing polymers showing their trend
for total dielectric constant with respect to band gap[180].

5.1.9. Conclusion
In summary, a rational co-design approach was successfully implemented for the targeted
discovery of new polymeric dielectric materials. The use of transition metals in a metal-organic
framework with aliphatic spacers allowed for dielectric constants close to the metal oxides to be
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reached while drastically increasing the band gap energies with low dissipation factors. A series
of Zn- and Cd-containing polyesters were computationally studied, and trends in their DFTcomputed dielectric constants and band gaps are reported. The proposed structural models, as well
as the calculated spectroscopic, electronic and dielectric properties, strongly correlate with the
experimental findings observed in both the Zn(II)- and Cd(II)- coordination complex polymeric
systems and give confidence to future computations on other transition metals. The Cd(II)polyesters have higher dielectric constants (ca. 6.61 to 4.01) compared to Zn(II)-polyesters
counterparts (ca. 4.69 to 3.61), as was predicted by DFT. Moreover, they showed significant
improvement over energy loss with less than 0.5-4% at maximum at 1 kHz. Additionally, band
gap energies were observed to be on 5.51 ± 0.121 eV for all sixteen systems, which exceeds the
typical optical band gap energies of ZnO and more than doubles that of CdO. The close agreement
between calculated and experimental findings in our work can serve as a starting point for further
research directed towards the expansion of chemical space for other metals and linker systems.
This “computations → experiments → computations” synergistic loop was successfully pursued
in the design of the new MOF polymer dielectrics to rapidly screen potential materials and provide
a pathway to bypass the time-consuming process of carrying out numerous experimentations. By
combining experimental data obtained here with DFT generated data, a better model can be
devised to improve structure-property prediction for dielectric materials. This could then be
expanded to other areas of materials discovery, in line with the objectives of the Materials Genome
Initiative.
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5.2. Effect of Polar Aliphatic Monomers on Dielectric Properties
for Zn and Cd Polyester

5.2.1. Introduction
Here, we investigated a series of zinc and cadmium based new dielectric materials containing the
aliphatic polar groups. In previous chapter, the structure property relationship of zinc and
cadmium-based polymers have been discussed, mostly to see the correlation among the
coordination geometry and metal concentration on dielectric properties. In this study, we chose
three short chain aliphatic systems containing O and S in the position two of the monomer
containing three blocks of spacers and a third monomer containing two methyl groups instead of
any polar groups. For this purpose, diglycolic acid (DG); 2,2-thiodiacetic acid (2,2-TDA) and 3,3dimethylglutaric acid (3,3-DMG) are selected as candidates, where the first monomer contains the
O in between two methylene spacers, the second contains the S instead and third one contains two
methyl groups as aliphatic branch. The 2, 2-thiodiacetic acid is a familiar flexible dicarboxylate
ligands, and it has been widely used to constructed various metallic coordination compounds.[181]
To understand the effect of these polar groups on dielectric properties we need the refresh the
basics of these groups when found in a monomer. Such as, O is known to be an element in the
Group 16 with high electronegativity of 3.44 and S resides in the same Group down to it with
electronegativity of 2.58. The covalent radius of O is 0.066 nm, whereas for S 0.104 nm, so radius
of S is about 60% larger than O, so it is harder for sulfur atoms to come close enough together to
form double bonds like oxygen. Both of them have electronegativity higher than C (2.55). Since
the bond length is depend on the electronegativity difference, so C-O bond length (1.43 Å) is
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shorter than C-S bond length (1.82 Å). It is to be noted that bond length of C-C bond is 1.54 Å,
which is intermediate of C-O and C-S bonds. Bond dissociation energy for the polar covalent
bond of C-O (358 kJ/mol) is higher than C-S (272 kJ/mol) bond. Dipole moment vector of the
monomers can be assumed to be DG > 2,2-TDA > 3,3-DMG. The goal of this study is to
understand the effect of S and O in the repeat unit as well as branched system to compare with.

5.2.2. Synthesis and General Features
Six polymers are synthesized according to the procedure and reaction scheme adopted in the
section 5.1.2. Only difference the monomer being used here and their repeat unit structure are
shown in the Figure. The polymers are formed as white powder except for S containing polymers,
which are off white in colors. The general formula of the repeat units is shown in the Figure 5.2.1,
where M stands for the Zn, or Cd.

Figure 5.2.1. The repeat unit(s) of the Zn and Cd based second generation polymer, (left) structure
of the metal-bonded repeat unit, (middle) the diacid used for the corresponding repeat unit, (right)
the abbreviated form of the diacid being used.
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The polymers were dried in vacuum at 115 °C for one day before taking any measurement. They
did not show any visual degradation by color change at room temperature if exposed to air in
prolonged period of time. They are insoluble in most common organic solvents like acetone,
methanol, DMAc, DMF, DMSO, NMP and so on. They showed solubility only in trifluoracetic
acid (TFA) like aliphatic Zn and Cd polyester systems. Their polar nature in the monomer did not
help to improve the solubility like the organic PI samples. Due to their small chain segment and
polar groups inside the segment might help them to packed in more regular pattern utilizing the
Vander Walls force of attraction, which will be discussed more on later section.

Density of the synthesized polymers have been in their pressed pellets form by AccuPyc II
Pycnometer under He gas at room temperature and showed in the Table.5.2.1 The highest density
was observed for the S containing Cd based polymer and lowest was found for the Zn based
aliphatic system. Highly dense polar system would be expected to impart higher dielectric constant
than its lighter component. Effective atomic mass of Cd (112.41 a.u.) is higher than same group
element Zn (65.39 a.u.) which is a prime reason of showing this density trend.
Table 5.2.1. Experimental density values of the synthesized Zn and Cd-polymers.
Polymer
Density
(g/cm3)

Zn-DG

Cd-DG

Zn-2,2-TDA

Cd-2,2-TDA

Zn-3,3-DMG

Cd-3,3-DMG

2.116 ± 0.002

2.361 ± 0.002

2.353 ± 0.002

2.612 ± 0.002

1.675 ± 0.003

2.289 ± 0.002

5.2.3. Structural Analysis
The polymers are analyzed by different characterization methods for structural analysis, such as
FTIR and XRD in line with TGA and DSC for thermal characterization. FTIR spectra were
collected on powder samples using a Nicolet Magna 560 FTIR spectrometer with a Specac Quest
Diamond Attenuated Total Reflectance (ATR) accessory (resolution 0.35 cm-1) with 32 scans and
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are reported in wavenumbers (cm-1) from 400 to 4000 cm-1. The IR spectra are shown in the Figure
5.2.2. for all polymers. The stretching absorption band for free carboxylic acid is absent in all cases
which generally appears at 1725-1700 cm-1 region. The symmetric and antisymmetric metal
carboxylate stretching modes are typically found in the 1400 and 1600 cm-1 ranges,
respectively.[169] The splitting between the two bands, ∆νasym-sym, is often used to determine the
geometry and strength of counterion binding.[95] Strong absorption peaks observed near 16301530 cm-1 representative of asymmetric stretching of coordinated CO group. Another strong peak
observed near 1470-1410 cm-1 which is due to symmetric stretching. Splitting pattern is observed
in asymmetric and symmetric band which might be due to a vibrational coupling involving the
carboxylate groups coordinated to the metal ion.[182] In these systems the negative charge on the
carboxylate group is necessarily stabilized by the presence of a positive charge or dipole
interactions, which caused the shifting of the CO stretching from higher frequency regions to the
lower due to the bonding to heavy metal atoms. Bonding mode of different polymers using FTIR
spectral data are tabulated below to understand their coordination environment.

Table 5.2.2. FTIR determined asymmetric, νas and symmetric, νs stretching band and their
difference Δν in wavenumber, cm-1 for Zn and Cd -coordination complex polymers.
Polymer
νas COO- (cm-1)
νs COO- (cm-1)
Δν (cm-1)

Zn-DG
1584
1436
148

Cd-DG
1563
1414
149

Zn-2,2-TDA
1586
1371
215

Cd-2,2-TDA
1584
1368
216

Zn-3,3-DMG
1538
1425
113

Cd-3,3-DMG
1572
1386
186

Δν (cm-1) suggested the coordination mode of the system either bidentate chelation or bridging.
For unidentate coordination Δν differences typically lies above 200 cm-1, which is found in the S
containing system. Here, for both Zn and Cd systems Δν values are larger than 200 cm-1,
suggesting the mono-chelation of the carboxylic group to the metal ion occurred.[183] For S
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containing system this value typically showed values close to 200 or above 200 cm-1.[182] The
possible reason of higher values of this difference indicated the involvement of S atom in the
coordination. Along with the coordination of metal to O, in case of S containing ligand, diffuse
electron cloud of the S participated in coordination to the metal. Therefore, we would expect a
monodentate bridging between one oxygen of carboxylate to the metal center and remaining
coordination number could be fulfilled by the participation of S atom. Because of the diffuse
electron cloud and flexibility of the S atom, over all ligand become flexible enough to back
coordinated to the metal through S. On doing so, they can form a chelate complex using the O and
S atom simultaneously. This bonding features is also evident in literature.[181,182] In between
Zn-DG and Cd-DG, later found to hold water molecule as loosely bound water or adsorbed water,
which is indicative by the slight hump of OH band at ~3200 cm-1 region. The differences between
asymmetric stretching and symmetric stretching showed slightly higher value for Cd compared to
the Zn, and for 3,3-DMG system this difference is (186-113 = 73 cm-1) even higher. This trend
cannot be directly correlated with ion mass but also with electronegativity, and effective nuclear
charge. The coordination possibility is shown in Figure 5.2.2. for Cd and Zn polymers of DG.

Figure 5.2.2. Unidentate coordination for Cd-DG and Zn-DG polymers with their 6-fold and 4fold coordination, respectively.
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From our previous aliphatic Zn and Cd polyester system and also from numerous literature, it is
found that Cd is mainly adopt octahedral geometry or 6 -fold coordination, whereas Zn is prone to
tetrahedral geometry or 4-fold coordination which is also depicted in the Figure 2.2.2.

Figure 5.2.3. FTIR spectra of the Zn and Cd based polymers containing hetero atom containing
monomers.
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Cd polymers shows slightly higher amorphous nature or disordered orientation compared to Zn
polymers evident by the XRD. Their comparison is shown in the powder XRD pattern in Figure
5.2.4., where more diffuse and irregular pattern has been found for Cd-DG. On the other hand, ZnDG showed highly crystalline nature, probably due to its highly polar Zn-O bond helped the chain
to have close regular packing in polymer matrix. Additionally, the symmetrical position of -H2CO-CH2 groups in the monomer might facilitate this packing. The XRD results also depict the
existence of two different geometrical pattern in two different polymers.

Figure 5.2.4. Powder XRD pattern of Zn-DG and Cd-DG.

It can be further proved by the thermal testing shown in the Figure 5.2.5. as TGA. Zn-DG found
to be more thermally stable with Td5% ~ 421 °C compared to Cd-DG Td5% ~ 309 °C. Generally, the
higher the crystallinity, the higher the degradation temperature. However, both of them have some
initial weight loss, which can be associated with the removal of bound water or solvent molecule.
Cd showed higher absorbed bound H2O compared to Zn polymer like aliphatic system discussed
in Section 5.1. Generally, loose water or adsorbed water can be removed by heating up to its boiling
point. For the Zn system, this weight loss is due to the loosely bound water or solvent since no
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variations in weight loss has been observed in between 100 to 210 °C. For Cd polymers, weight
loss is observed up to 210 °C, which can be related to the lattice water or, bound water.

Figure 5.2.5. TGA thermograms of the polymer Zn-DG and Cd-DG with onset of their
degradation.

5.3.4. Dielectric Spectroscopy
Dielectric spectroscopy has been carried out as pressed pellet form for all the polymers in the
frequency range 20-1MHz at room temperature. The pellets were dried at 115 °C under vacuum
for one day to remove the traces of solvent and adsorbed moisture. At high vacuum of 30 mm Hg
would be able to lower the boiling point of water to 29 °C without affecting the features of solid.
Therefore, at 115 °C even the bound water should be removed. The dielectric spectra shown in
the Figure 5.2.6. did not show any pronounced effect of water, which generally indicates by high
loss. The low loss is observed for almost all of them, which is < 2% in an average. This is a great
improvement compared to many of the aliphatic system as well. The dielectric constant of the S
containing system showed the highest value. Comparing every pair of the system with same diacid,
Cd counterpart is showing improvement over Zn. The larger size of the Cd atom compared to Zn
and bond between Cd-O is more polarizable than Zn-O. However, opposite trend is found for the
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calculated results. The large difference between calculated and experimental results might be due
the consideration of fully crystalline structure at absolute zero temperature, where the actual
polymers can have much higher entropy at 25 °C temperature.

Figure 5.2.6. (A) Dielectric constant of all aliphatic polar and branched polymers, and (B) loss
of the corresponding polymers as a function of frequency.
Similarly, more diffuse electronic cloud of S than O is more easily polarizable under applied
electric field, and hence increase the dielectric constant by supposedly increasing the ionic
polarization. Lowest dielectric constant is found for Zn-3,3-DMG system. However, even with the
presence of branched dimethyl group and having more free volume, its loss is higher than other
polar systems. This can be associated with conduction loss particularly at lower frequency. For
DG and TDA ligand system, this conduction loss seems lower, and for amorphous polar system,
it has been proposed that random dipoles in the amorphous region contribute electron-dipole
scattering to prevent dielectric breakdown by stabilizing electron energy,[184] thereby reducing
loss. For example, comparing with merely aliphatic system of similar number of spacers, 3CH 2
containing Zn and Cd polyesters, their loss was about 3% and 17%, respectively; whereas, for
similar number of spacers with a branched component C(CH3)2 has loss ~ 2%. Here, it is assumed
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that aliphatic polyesters have more regular pattern and higher crystallinity that could lead to higher
loss. Polymers with O and S spacers show even lower loss 1 and 0.5%, respectively.
The dielectric constant and their loss at 1kHz and 10k Hz are displaying in the Table 5.2.3,
indicating very little to no frequency dispersion in their dielectric behavior characteristics.
Table 5.2.3. Dielectric constant and loss at 1kHz and 10kHz for Zn and Cd systems.

k @ 1 kHz
k @ 10 kHz
tan @ 1 kHz
tan @ 10 kHz
k cal. (DFT)
Eg (eV), cal.

Zn-DG
3.76
3.63
0.011
0.025
6.63
4.96

Cd-DG
4.15
4.09
0.012
0.009
5.97
4.78

Zn-2,2-TDA
4.35
4.32
0.005
0.004
7.78
4.24

Cd-2,2-TDA
4.44
4.42
0.005
0.002
6.27
3.90

Zn-3,3-DMG
3.24
3.18
0.018
0.010
TBA
3.32

Cd-3,3-DMG
3.39
3.32
0.019
0.011
TBA
3.25

It is to be noted that, DG and 3,3-DMG containing polymers both are showing bidentate chelation
or bridging bonding to metal center, which can make the metal center more tightly packed than
monodenate binding. This binding can restrict the flexibility around metal center and in overall
chain segment. On the contrary, due to monodentate binding mode 2,2-TDA systems can have
more flexibility around central metal. That can be beneficial with respect to orientational
polarization alongside the ionic polarization. It is to be noted that the previous straight chain system
containing three aliphatic spacers have the dielectric constant 4.28 for Zn and 5.43 for Cd at 1kHz.
So, it clearly showed slight improvement for Zn system by introducing the S atom in place of CH2
spacers, although introducing O did not show any improvement over straight chain, CH2-, aliphatic
system but surely over branched chain, C(CH3)2-. However, for Cd system straight chain aliphatic
systems still is a better option compared to introducing S and O in place of CH2, but again it is
definitely showed improvement over C(CH3)2- group.
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5.3.3. Conclusion
Polymers containing S, O and dimethyl groups in the monomer units have been synthesized and
characterized to see the effect of these group on their dielectric properties such as dielectric
constant and dissipation factor. The polymers showed a trend in their dielectric properties which
can be explained by their physical characteristics such as charge density, size of the metal atom,
binding mode and electrongativity. All plays role controlling the dielectric constant and a clear
trend has been observed where the more diffusible S containing polymers showed improved
dielectric constant than its homologous O containing system and even aliphatic branched polymer.
Moreover, larger covalent radius of Cd compared to Zn also controlling the geometry of the
polymer, where again octahedral complex showed higher dielectric constant values than
tetrahedral geometry. Metal identity and their positive charge density are the crucial factors
determining their geometry, and hence dielectric properties. The improvement in loss is observed
over aliphatic straight chain and branched chain systems. Polar ligand containing amorphous
polymers tend to show lower loss than non-polar ligand containing crystalline polymer. From this
study it can be inferred that monomers containing S groups is beneficial for obtaining higher
dielectric constant while maintaining low loss below < 0.5%. The dielectric constant trend is like
S > O > C(CH3)2 for the same number of blocks containing aliphatic diacid containing transition
metal based polyesters.
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5.3. Zn and Cd Aromatic Polyesters: Effect of Substituents on
Dielectric Properties

5.3.1. Introduction
Aromatic system, a vast class of organic system containing at least one aromatic ring has some
unique properties and stability unlike many aliphatic systems. The pi electron system and planner
structure of the ring make them useful for many applications. In dielectric industries, organic
polymers containing aromatic rings are not new and they play a significant role in research for
developing the materials for dielectrics. They are very well known as dielectric having low
dielectric constant.[185] Dielectric relaxation studies have been carried out on polysulphone,
polycarbonate, poly(2,6-dimethylphenylene oxide) and polysulphone to monitor the motional
effects and electrical breakdown.[186,187] Various traditional and new aromatic systems as
dielectric has been discussed in the Section 1.3.3. and Section 1.3.4. in this thesis. We have already
seen the successful use of embedded metals in the organic backbone to form a MOF system for
dielectric application. Polymers with Sn containing system has been studied before extensively
with aliphatic as well as aromatic ligands. The unexplored area of Zn and Cd polymers having the
aromatic systems was not studied. Here, in this chapter numbers of aromatic diacid systems
starting from purely carbocyclic, heteroaromatic, double aromatic groups with heteroatom in
between have considered for investigation. They have different substituent in different position of
their aromatic ring making them unique with their properties. The goal of this study is to
understand which type of aromatic ring (electron donating or withdrawing) i.e., EDG or EWG,
positioning of the dicarboxylate group on the aromatic ring as substituents, and presence of
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heteroatom in aromatic system are needed to optimize the dielectric properties of these polymers
affect the dielectric properties. Density functional theory (DFT) modeling is also implemented for
the stable ground state configuration.

Furthermore, based on these factors, to build up a

fundamental understanding of the structure-property relationship so that we know how to control
and improve the properties for dielectric application for these system and system analogous to
them, which can be considered a third generation Zn and Cd systems.

5.3.2. Selection of Monomers and General Features of Polymers
For this study, carboxylic aromatic system such as terephthalic acid (TP), isophthalic acid (IP) are
chosen as a standard to compare with heteroaromatic system such as 2,6-pyridine dicarboxylic
acid (2,6-PDC); 2,5- pyridine dicarboxylic acid (2,5-PDC); 2,5-thiophene dicarboxylic acid (2,5TDC); 2,5-furandicarboxylic acid (2,5-FDC). The PDC considered here as electron-withdrawing
(EWG) system, TDC as electron-donating system (EDG), and TP and IP as electron neutral system
(ENG). Between 2,6-PDC and 2,5-PDC, their position of the substituent is different, such as
former molecule has two carboxylic group meta positioned to each other and in later molecule they
are para positioned. Similarly, in IP; 2,5-TDC; 2,5-FDC they are in meta positioned and in TP as
para. Another set of monomers have been chosen as 4,4’- oxybis(benzoic acid) (4,4-OBB) and
4,4-benzophenone-dicarboxylic acid (4,4-BPD), where the first dicarboxylic acid contains an O
group in between two aromatic ring and second one contains CO group instead. The 4,4-OBB is
considered here as comparatively flexible aromatic system with extended polarity through O,
whereas; the 4,4-BPD is a rigid aromatic system with extended conjugation. So, four sets of
dicarboxylic ligands with various features have been selected shown in the Figure 5.3.1. Each
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system of each set can be comparable in between as well as comparable with another set,
depending on the properties we like to focus.

Figure 5.3.1. The repeat unit(s) of the Zn and Cd based third generation polymer, (left) structure
of the metal-bonded repeat unit, where M stands for Zn or, Cd; (middle) the diacid used for the
corresponding repeat unit; (right) the abbreviated form of the diacid being used.
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The polymers are synthesized according to the procedure described in Section 5.1.2. They all forms
white powder except 2,5-TDC; 4,4-OBB and 4,4-BPD. The first polymer looks dirty white in color
and the second and third polymers look very faint yellow. They have difference in solubility in
common laboratory solvents. All of them did not show any solubility in the water, DMF, NMP,
DMAc, acetone, acetic acid and m-cresol. They show solubility in various extent to TFA, DMSO
and some in methanol as shown in the Table 5.3.1.
Table 5.3.1. Solubility chart of polymers based on selected three solvents, where, rt = room
temperature, h = hot, “-” = insoluble, “+” = soluble, “±” = partially soluble.
Polymers
Zn-TP
Cd-TP
Zn-IP
Cd-IP
Zn-2,6-PDC
Cd-2,6PDC
Zn-2,5-PDC
Cd-2,5PDC
Zn-2,5-TDC
Cd-2,5TDC
Zn-2,6-PDC
Cd-2,6PDC
Zn-2,5-FDC
Cd-2,5-FDC
Zn-4,4OBB
Cd-4,4OBB
Zn-2,6-PDC
Cd-2,6PDC

DMSO

TFA

rt
-

h
-

+
+
-

+
+
+
+
-

MeOH

Rt
-

h
±
±
±
±

rt
-

h
-

+
+
+
+

+
+
±
±
+
+
+
+

-

+
±
-

+
+

+
+

-

+
+
±
±

-

-

Density is measured in their pressed pellets form by AccuPyc II Pycnometer under He gas at room
temperature and showed in the Table 5.3.2. and 5.3.3 for Zn and Cd polymers, respectively.
Interesting trend has been observed from the density values of these polymers. Carbocyclic
aromatic system showed lowest density. Among carbocyclic aromatic systems Zn polymers
showed higher value than corresponding Cd counterpart, although the Cd is much heavier atom
226

than Zn. Probable reason could be the pi-pi stacking of the benzene ring. Smaller Zn MOF system
might help the TP and IP polymer chain to packed more closely than Cd MOF.
Table 5.3.2. Experimental density values of the synthesized Zn and Cd-polymers.
Polymer
Density
g/cc

Zn-IP
1.735±0.004

Zn-TP
1.965±0.002

Zn-2,5-PDC
2.055±0.001

Zn-2,6-PDC
1.916±0.002

Zn-2,5-FDC
2.099±0.002

Zn-2,5-TDC
2.121±0.002

Zn-4,4-OBB
1.822±0.002

Zn4,4-BPD
1.798±0.001

Table 5.3.3. Experimental density values of the synthesized Zn and Cd-polymers.
Polymer
Density
g/cc

Cd-IP
1.556±0.001

Cd-TP
1.735±0.001

Cd-2,5-PDC
2.303±0.002

Cd-2,6-PDC
2.373±0.003

Cd-2,5-FDC
2.720±0.009

Cd-2,5-TDC
2.587±0.004

Cd-4,4-OBB
1.968±0.002

Cd-4,4-BPD
1.988±0.002

On the contrary, heteroaromatic and double ring system showed opposite trend. Cd based polymers
have higher density values than Zn based. Among them highest density values have found for Cd2,5-FDC and then Cd-2,5-TDC, both of them are five membered ring systems with O and S as the
heteroatom, respectively.

5.3.3. Structural Analysis
The polymers are analyzed for their structural features by FTIR and XRD, for thermal behavior
TGA and DSC. FTIR spectra were collected as discussed by the previous section. The IR spectra
are shown in the Figure 5.3.2. and Figure 5.3.3 for all polymers. For aromatic dicarboxylic acid
stretching absorption band for free carboxylic acid generally appears at lower frequency region
(1700-1650 cm-1) compared to the aliphatic free carboxylic acid due to the conjugation.[188] Here,
no free carboxylic acid stretching is observed in these system except Zn-TP and Cd-TP. The
presence of free carboxylic acid group is detected for these polymer, which is evident by the small
but sharp absorption peak at 1683 and 1661 cm-1 for νasym stretching. This can be due to the
unreacted or excess diacid systems. Same thing happened to Cd-2,5-TDC system. At 1310-1250
cm-1 and 1210-1163 cm-1 strong peaks are responsible for C-O stretching of aromatic ester.
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Figure 5.3.2. FTIR spectra of carboxylic aromatic polymers (top four), heteroaromatic polymers
(bottom four) of Zn and Cd.
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Figure 5.3.3. FTIR spectra of 5-membered aromatic polymers (top four), double aromatic ring
containing polymers (bottom four) of Zn and Cd.
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Due to the presence of heavy metals we should expect the stretching band for antisymmetric and
symmetric metal carboxylate would appear at lower frequency regions and it we found this fact
for all system suggesting the metal coordination to carboxylate group. Here again the stretching
modes for antisymmetric and symmetric found in the 1500 and 1400 cm-1 ranges, respectively and
their difference in the splitting ∆νasym-sym, showed the bidentate chelation and bridging mode. Their
XRD pattern is shown for the polymer Zn-2,5-PDC and Cd-2,5-PDC in Figure 5.3.4. Like the
aliphatic polar system, Zn hetero aromatic polyester shows more crystallinity than Cd. The size of
the metal atom and charge density plays role for deciding coordination environment as discussed
in the previous chapter. The difference in their pattern despite of the same diacid is because of
their difference in structural arrangement and coordination geometry. Tetrahedral geometry is
generally occurred for Zn metal, whereas octahedral for Cd, shown in the Figure 5.3.5, which is
also predicted by DFT.

Figure 5.3.4. XRD patterns of 6-membered hetero-aromatic polymer of Zn and Cd.
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Figure 5.3.5. DFT predicted lowest energy configuration for Zn-IP and Cd-IP polymers.

Thermogravimetric analysis of the polymers is shown in the Figure 5.3.5. Carbocyclic aromatic
polymers have most stability among all having Td5% above > 250 °C. However, the highest thermal
stability is found for Zn-2,6-PDC around 491 °C up to 5% weight loss. Also, it has lowest initial
weight loss (up to 210 °C), which suggests that it has low tendency to absorb moisture. Among
carbocyclic aromatic polymers TP found more moisture sensitive than IP. From the six membered
heterocyclic polymers, it can be inferred that the position of the carboxylate moiety did not affect
controlling the moisture absorption, rather it is the metal identity, here it the Cd containing
complex polymer showing the hygroscopic nature more than the Zn counterpart. However,
opposite trend is favored in S containing 5 membered system. Double aromatic ring containing
4,4-OBB linker in both Zn and Cd polymer impart similar thermal features. Both of them have
initial weight loss around ~ 5% up to 210 °C temperature. However, their onset degradation is
much higher than many other systems. Differential Scanning Calorimetry (DSC) was performed
with an initial heating cycle rate of 30 °C per minute, followed by a cooling cycle of 30 °C min -1
for eliminating any previous thermal history, then by a second heating cycle of 10 °C per minute
up to their degradation temperature to see if there was any thermal transition before degradation.
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Second cycle are shown in Figure 5.3.6. No thermal transition such as Tg or, Tm is observed before
their final degradation.

Figure 5.3.5. TGA of the polymers showing their 5% weight loss temperature and the weight
loss at 210 °C.

Figure 5.3.6. DSC thermograms of Cd and Zn containing aromatic polyester systems.
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5.3.4. Dielectric Spectroscopy
Dielectric constant and their dissipation factors are shown in the Figure 5.3.7. Highest dielectric
constant is found for the Cd-2,6-PDC polymer and lowest Cd-IP polymer. Similarly, lowest
dielectric constant for Zn system is with Zn-IP system, but their highest average dielectric constant
is found for S containing heteroaromatic system of Zn-2,5-TDC polymer with little to no frequency
dispersion in the frequency range of 100Hz to 1MHz. However, Zn-4,4-OBB has dielectric
constant 8.39 at 1kHz, which is highest among all the synthesized polymers in Sotzing’s research
group.

Figure 5.3.7. Dielectric constant of Cd (A) and Zn (B) polymers and their corresponding loss in
(C) and (D), respectively. Enlarged portion in the gray scale is Zn polymer loss in between 103Hz
to 105Hz for all polymers except the Zn-4,4-OBB.
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All of the polymer system has very low loss around 0.5 - 5% maximum. Among Cd polymers
lowest average loss is for Cd-TP below 0.6%. For Zn polymers, Zn-TP it is even lower and is
below 0.5%. However, Zn-4,4-OBB has very high loss. Their dielectric constant and loss values
are summarized in the Table 5.3.4 and Table 5.3.4. for Zn and Cd polymers respectively.
Table 5.3.4. Dielectric constant and loss of Cd polymers at 1kHz.
Polymer
k at
1kHz
Loss at
1 kHz

Cd-IP
4.63

Cd-TP
4.49

Cd-2,5-PDC
4.84

Cd-2,6-PDC
6.17

Cd-2,5-FDC
3.82

Cd-2,5-TDC
5.26

Cd-4,4OBB
3.94

Cd-4,4BPD
5.11

0.0147

0.0067

0.0231

0.0267

0.0098

0.0159

0.0363

0.0477

Table 5.3.5. Dielectric constant and loss of Zn polymers at 1kHz.
Polymer
k at
1kHz
Loss at
1 kHz

Zn-IP
3.60

Zn-TP
4.16

Zn-2,5PDC
4.28

Zn-2,6PDC
3.95

Zn-2,5FDC
3.58

Zn-2,5TDC
5.09

Zn-4,4OBB
8.39

Zn-4,4BPD
4.98

0.0075

0.0050

0.0259

0.0591

0.0287

0.0171

0.4340

0.0605

The meta and para positioned carbocyclic polymer such as in between IP and TP, Cd-IP showing
higher dielectric constant and on the other hand Zn-TP is showing higher dielectric constant. In
para position the electron cloud is distributed evenly on both side of the molecule and a symmetry
developed, on the other hand in meta position the electrons are distributed unevenly, which might
be the reason of having higher dielectric constant values for meta positioned polymer due to the
easy polarizability of the molecule by the applied field, if it is 6-fold coordination environment.
For 4-fold Zn system, the effect became opposite. For the hetero-aromatic system no trend is found
between four 6-membered systems including Zn and Cd. They are showing opposite behavior.
Since it is already proved from the chapter 5.1 that geometry and metal identity play crucial role
determining the dielectric behavior, so these four system has both 4-fold and 6-fold coordination,
hence the difference in dielectric constant. So, in other words, it can be said that, for 4-fold
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coordination system para positioned heteroaromatic system is better than meta-positioned
heterocyclic system. For 6-fold coordination system meta positioned polymer shows better
dielectric constant than para positioned. Similar trend was observed in the previously studied Sn
polymers.[143] In pyridine based Sn polymers the metapositioned polymer has a higher dielectric
constant than the parapositioned, which is the opposite for the benzene-based systems; similarly
for Cd polymers. It is to be noted that all the Sn-system irrespective of the aliphatic or aromatic
they adopt 6-fold coordination environment, or in other words octahedral geometry. For simplicity,
the trend in dielectric constant for the Cd containing metapositioned polymers, when comparing
what type of aromatic ring is present, is pyridine > thiophene > benzene > furan. For parapositioned Cd containing polymers pyridine > benzene. For Zn containing metapositioned
polymers thiophene > pyridine > benzene > furan and for para positioned polymers benzene >
pyridine. With respect to heteroatom, for Cd polymers N > S > O and for Zn polymers S > N > O.
Therefore, again metal identity controlling the trend on their behaviors. Interestingly, two 5membered systems 2,5-FDC and 2,5-TDC shows similar trend for both Zn and Cd polyesters.
Here, the S containing systems for Zn and Cd have higher dielectric constant 5.09 and 4.34,
respectively. Highly electron dense O has localized charges, whereas, S has more diffuse electron
cloud to be perturbed electrostatically under applied field. Moreover, coordination number of Zn
is not the same as Cd, so, geometry can be a dominant factor over charge density of O or S.
Octahedral geometry has more localized polarity due to six Cd-O bond, on the contrary tetrahedral
geometry has four localized Zn-O polar bond. Therefore, it can be assumed that their localized
charge density is more in Cd based polymers compared to Zn based. It is also evident from the
density measurement that Cd based polymers possess higher density than Zn based polymers. It
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can be further confirmed if the metal volume fraction can be calculated from the metal content
analysis, which requires expensive and time demanding experimentation.

5.3.3. Conclusion
In summary, Cd and Zn based aromatic polymers of different functionality have been investigated
to understand their behavior towards dielectric properties. These polymers show promising
features in terms of dielectric loss, which is lower than even many organic systems and many metal
containing systems. Their dielectric constant is deeply corelated not only to the metallic features
such as metal identity, coordination environment and charge density, but also depends on organic
ligand being used and their features. The position of the substituent linkers in the ligand, ring
number, charge distribution, nature of pi backbone whether it is carbocyclic or heterocyclic, each
also has pronounced effect. In addition to that, these later factors are inter-related to the factors
mentioned earlier. For example, metal factors in conjunction with the ligand factors all are equally
important determining the overall dielectric behavior. These preliminary studies direct and
motivate us to investigate more in-depth structure-property relationship to evaluate each factor
carefully.
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Chapter 6
Conclusion and Future Prospect of Polymer Genome with
Rational Co-Design Process

The rational co-design process is successfully implemented for the expansion of polymers for
dielectric application, especially for metal containing systems. Other works have been done with
the organic polymers such as polyimide, co-polyimide and polythiourea with our co-workers
which are not included in this thesis.[10],[189],[12] This piece of work is focused only to the metal
containing polymer system as an untapped and unconventional area of dielectric study. In line with
the study of three different approaches of organometallic system containing tin in polymers,
transition metal containing zinc and cadmium-based metal-organic framework systems have been
studied. Few generalizations can be drawn such as the optimization of processing method and
conditions improved the film quality of the metal containing system significantly that they marked
a pronounce improvement in breakdown strength and energy density. Moreover, free volume and
amorphous nature were found to reduce the dielectric loss for metal containing systems by
allowing them to orientational relaxation. At the same time, dielectric constant can be increased
by utilizing ionic polarization, specific metal concentration and coordination environment of metal
containing polymer system with metal-oxygen bonds, where metal identity and their charge
density also plays role. Not only that, nature of the ligand and its orientation to the metal with
respect to their substituent has significant effect on controlling the dielectric constant of
coordination complex polymeric systems. For example, the position of the substituents on aromatic
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system and nature of the aromatic ring, whether it is electron rich, deficient or electron neutral are
important determining their polarization in response to electric field, hence direct the dielectric
behavior. One exiting features of this embedded metal in the polymer backbone system is its
astoundingly low loss, which is close to many organic and non-polar insulating polymers and beat
almost all composites and hybrid materials. Moreover, their high dielectric constant and high band
gap energy lead us to have high energy density. In addition to that, metal aggregation phenomenon
is able to overcome by these synthesized polymers since metal become now a part of the backbone,
rather isolated or, phase segregated species as nanocomposite.

Figure 6.1. Dielectric constant chart of the synthesized polymers, (Y axis- dielectric constant, X
axis-polymer identity)

This study was confined to synthesis and initial electrical testing. Part of the all metal containing
polymer systems is presented in the Figure 6.1 as a function of dielectric constant. 80 metal
containing polymeric systems are studied and compiled in this thesis work. The successful
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implementation of the Group 14 metals and transition metals strengthen our confidence to
introduce other metals from this series and also alkaline earth metals like Ca and Mg. It is to be
noted that not all transition metals can be beneficial to use due to their unfilled d orbitals.
Diamagnetic metals are especially important over paramagnetic, where the former does not contain
unpaired electrons in their d sub-shell, but the later does. Unpaired electrons can be detrimental
due their paramagnetic behavior and interaction with the applied electric field, which may cause
higher loss during relaxation.[190] The nature of the ligand, such as whether it is high field or
weak field ligand also need to be considered choosing the appropriate linkers.

Apart from these reported 80 systems, there are also other metal containing systems which are
studied but not included in this work such as Ca and Mg containing polymers and few more
dimethyl tin and dibutyl tin containing polymers, to limit the volume of this write up. Our coworkers are also trying to introduce Ti inside the polymer backbone. Ti and its compounds are
very well known for their catalytic activity. It is indeed a great challenge to incorporate and mimic
the oxide composition of Ti, which has high dielectric constant 80-100, into the polymer backbone.
One can see that they show a range of dielectric constant from 3.5-8.1, which is much higher than
many conventional commercial organic polymers. Still, more vigorous investigation is required to
find out proper processing technique for characterizing more intricate electrical features, which
need engineering skill indeed. In conjunction with the different expertise of co-design process
new polymers with targeted properties was rapidly synthesized and characterized. This down
selection is important to save time, money and joint-effort in terms of both academic and industrial
in reason. This process is extremely important for any material development. As an example,
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Figure 6.2 Shows the benefit of using the DFT computation as well as close agreement with them
to the experimental findings for Zn and Cd containing aliphatic polyester systems.

Figure 6.2. (Top) Schematic representation of the rational co-design loop and simultaneous need
of experimentalist and theorist [69]. (Below) Experimental dielectric constant as a function of band
gap for Zn and Cd aliphatic polyesters, calculated dielectric constant and band gap for over 1000
organic and MOF systems [69], showing their similarities in findings.

Because of the successful implementation of the Density Functional Theory (DFT), Machine
Learning (ML) and other calculation techniques like Molecular Dynamics(MD), the Materials
Genome Initiative was launched by the United States Government under a directive from the White
House in 2011 to find ways to discover and utilize new materials faster and cheaper. Using highthroughput computational screening (DFT-ML) followed by targeted synthesis, unexplored MOF
classes are discovered as possible candidates as dielectric. It also shows great hope and direction
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to expand many other areas of metal containing polymers utilizing 91 metals from the Periodic
Table, many of them are still unexplored and some are scarcely investigated. Polymer Genome as
a part of the Materials Genome Initiative has been developed by Prof. Ramprasad’s Group at the
University of Connecticut with their own polymer data repository to fulfill the goal of Material
Genome Initiative. This newly developed database is an ever-growing repository which can be
found at khazana.uconn.edu/polymer_genome with a name Khazana. Interface of the database is
shown in the Figure 6.3. To date it has 1100 calculated and 70 experimental data and updating
every day. There are number of ways one can search for the properties of the polymer of interest.
For example, they can be searched by IUPAC name, trade name, formula, polymer class, or even
SMILES string. It not only has DFT predicted values but also the machine learning predicted
properties. Machine learning provide accurate property value estimates along with expected
uncertainties. Prediction includes bandgap, dielectric constant, refractive index, atomization
energy, ionization energy, and electron affinity used benchmark DFT data, while models to predict
the glass transition temperature, solubility parameter and density were trained on experimental
data.[191], [62], [179] The interface of the polymer genome database is shown in the Figure 6.3
and part of the search result is also shown for the Poly(Zn-glutarate) system. Number of lowest
energy configuration is possible or single species, nine of them is shown in the Figure 6.3 with
their predicted band gap, total dielectric constant and refractive index values. The experimental
values of the metal containing polymers are still not up there for general public, but will be
available soon. The practical material discovery and property prediction now became effortless for
the experimentalist. There is a great hope that this tool will improve the quality of the research to
the next level.
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Figure 6.3. Polymer Genome interface showing part of the property predictions.
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